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Due to growing concern for the environment, legislations such as extended 
producer responsibility (EPR) are increasingly being adopted around the world. In 
order to comply with EPR laws, manufacturers have begun to embrace sustainable 
production (manufacturing) strategies to seek the goal of the triple bottom line: social 
integrity, environmental responsibility and profitability. One such strategy, which has 
been mulled as the ultimate solution to sustainable production, is closed-loop 
production. However, the adoption of closed-loop production is not straightforward. 
In order for system engineers and managers to know where, how and when to close 
the resource loops in production systems, models and tools are needed to provide 
decision-support for product end-of-life (EoL) planning with an integrated perspective 
of entire product life cycle. 
With this in mind, a decision-support model for product EoL planning for 
closed-loop production was developed. In this method, a complex (closed-loop) 
production system is decomposed into smaller and simpler subsystems, and modelled 
based on the product structure. This enables different resource flows, EoL options and 
interdependencies between the mainstream production (MP) and EoL phases to be 
isolated to the individual subsystems to be modelled. And through a seamless 
application of dynamic programming (DP), the model enables us to determine the 
optimal product EoL plan to close the product life cycle loop in the production system 
based on the economic performance (i.e. net present value), environmental 
performance (i.e. carbon emissions) or eco-efficiency improvement (i.e. balance or 
trade-off between economic and environmental performance). In addition, to consider 
 iii 
uncertainty and incorporate robustness in the product EoL planning, Monte Carlo 
Simulation was also applied for a stochastic optimisation of the product EoL plan. 
To demonstrate the application of the method, two case studies were carried out. 
In the first case study, the application of the method to mechanical and industrial 
products was demonstrated on a turbocharger. In the second case study, a flat-panel 
display (FPD) monitor was used to demonstrate the application of the method to 
consumer electronic products. The results from these case studies show that the 
decision-support model is able to generate optimal product EoL plans depending on 
the objective function set out by the user – i.e. maximise NPV, minimise carbon 
emissions, or maximise eco-efficiency improvement. The results also show that the 
model is able consider the risk attitude of the user (i.e. conservative, neutral or 
optimistic) and generate optimal product EoL plans that are robust to the uncertainties 
considered. Most importantly, the results of the case studies validate the effectiveness 
of the model in providing decision-support for product EoL planning so as to optimise 
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Chapter 1: Introduction 
In recent years, closed-loop production has been garnering interest in the 
industry and academia as the strategy towards achieving sustainable production. Like 
in any other strategy, planning is critical in the development and implementation of an 
effective closed-loop production system. One major and important aspect of the 
planning, which is the focus of this thesis, is product end-of-life (EoL) planning to 
determine the optimal configuration of EoL options for a product to effect closed-loop 
production. In order to fully appreciate and understand the context of and the work 
done in this thesis, this chapter presents the background and motivations behind the 
work. From there, the objective leading to the research questions to frame the scope of 
this thesis is discussed.  Finally, an outline of the thesis is provided to give a 
breakdown of the work done in this thesis. 
1.1 Background 
Climate change, natural resource depletion, overconsumption and waste 
generation are some of the most pressing global environmental issues today. Effects 
of climate change that scientists have predicted in the past, such as accelerated rise in 
sea levels, longer period of droughts in certain regions and more intense tropical 
storms, are already occurring [1]. Natural resources, according to the Inclusive Wealth 
Report released at the United Nations Conference on Sustainable Development in Rio 
de Janeiro in 2012, have depleted by 33% in South Africa, 25% in Brazil, 20% in the 
United States, and 17% in China [2]. Studies on the effects of overconsumption have 
shown that if everyone in the world consumes like a typical American, it will take 
three more planet Earth to provide the resources to sustain them [3]. In a 2012 report 
released by the World Bank on solid waste management, waste generation per capita 




globally has risen by more than 87% in ten years [4]. On top of that, the organic 
fraction of solid wastes in landfills is estimated to contribute about 5% of the total 
greenhouse gas (GHG) emissions known to be responsible for climate change [5]. 
In light of these issues, there is a growing emphasis for environmental 
sustainability. Efforts to promote and encourage environmental sustainability have 
come in different forms and from different parties around the world. From enactment 
of legislations and policies to public pressure and initiatives, governments, non-profit 
organisations (NGOs) and even the community at large are playing a huge role in 
these efforts. In Europe, product  take-back legislations and the extended producer 
responsibility (EPR) laws such as the Directive on Waste in Electrical and Electronic 
Equipment (WEEE) and Directive on End-of-Life Vehicles (ELV) have been enacted 
[6-8]. Japan is leading the way in Asia by setting up various EPR laws [9-13]. Over in 
the U.S., EPR laws making e-waste recycling mandatory have been passed in 25 
states with several more working on passing new laws or improving existing ones [14, 
15]. Believed to be the most effective method, international non-profit organisations 
like Greenpeace [16] and the United Nations Environmental Programme (UNEP) [17] 
are pushing for more environmental related legislation and standards to drive global 
sustainability. 
Faced with these challenges of public pressure, legislative compliance and 
expectations of various stakeholders, manufacturers have begun to embrace 
sustainable production (manufacturing) to seek the goal of the triple bottom line: 
social integrity, environmental responsibility and profitability [18, 19]. According to 
the U.S. Department of Commerce, the aim of sustainable production is to produce 
products through economically-sound processes that minimise negative 




environmental impacts while conserving energy and natural resources [20]. A strategy 
which has been mulled as the solution for achieving sustainable production is closed-
loop production [21, 22]. 
Putting into the context of this thesis, a closed-loop production system can be 
defined using the criteria for closed-loop supply chain as outlined by Asif, et al. [23]: 
 The EoL product or core is collected by the manufacturer or a third-party 
remanufacturer who acts as the supplier to the manufacturer. 
 The EoL product or core is reutilised (either as a whole or in parts) in the 
mainstream production (MP) as forward material flow. 
 The product manufactured (or remanufactured) from the reutilisation of the EoL 
product or core is sold in the same way as the new one, i.e. there are no 
differentiation in product variant or market segmentation, and the order and 
supply is not handled separately. 
1.2 Motivations 
The field of ecology defines a closed-loop system as a system that does not rely 
on exchanging matter with any part outside the system – i.e. a system that is self-
sustainable. Although a production system may not be truly closed-loop, this concept 
nevertheless, serves as an ideal to inspire manufacturers towards sustainable 
production [24]. Studies have shown the viability of closed-loop production systems 
in improving the competitive advantage of manufacturing companies and its adoption 
is expected to increase in the future  [25-29]. Some examples of prominent companies 
which have adopted closed-loop production are Xerox, IBM, Caterpillar and BMW 
[30]. 




In closed-loop production systems, EoL products are mostly reutilised in their 
partial forms (i.e. modules, components and/or materials) in the mainstream 
production (MP) phase [31]. In other words, in a closed-loop production system, 
resource loops may be closed at different parts of the system in the end-of-life (EoL) 
phase through EoL options that ‘close the loop” such as the reuse or remanufacture of 
modules and components, or the recycling of materials. However, closing the loop 
does not guarantee the most efficient production system [32]. Therefore, system 
engineers and managers must understand and plan where (which parts of the product), 
how (which EoL options to select), and when (under what conditions) to close the 
loop in the production system. This is why product EoL planning plays such an 
important role in the design and management of closed-loop production systems. 
Figure 1-1 is an illustration of the role product EoL planning plays in the design and 
management of a closed-loop production system. 
Figure 1-1: The role of product end-of-life planning in the design and management of closed-loop 
production systems. 




As closed-loop production becomes an increasingly viable strategy for  
sustainable production, decision-support models and tools that provide an integrated 
perspective of entire product life cycle during the product EoL planning process will 
become more important than ever [33]. This need is the main motivation for the work 
in this thesis. 
1.3 Objective and Research Questions 
In deriving the objective of this thesis, it is important to understand the 
problems faced by the system engineers and managers during the product end-of-life 
(EoL) planning process. Some of these problems, which have been extracted from 
surveys and literature related to the area, are encapsulated in the following questions 
[34-40]: 
 Is closed-loop production a viable strategy and what are the cost-benefits of 
adopting it? 
 What sort of impact does product recovery have on the current mainstream 
production (MP)? 
 Which parts of the product are worth recovering? 
 Is outsourcing the recovery operation (i.e. engage third-party recyclers or 
remanufacturers) a better choice? And if so, which parts of the recovery 
operation should be outsourced? 
In order to avoid a haphazard planning of product EoL, system engineers and 
managers need answers to questions like the ones abovementioned. With the aim of 
taking the guesswork out of answering these questions during the product EoL 
planning process, the main objective of this thesis is: To develop a decision-support 
model to help system engineers and managers in the planning of product EoL so that 




the most effective closed-loop production strategies can be adopted to improve the 
environmental and economic performance of production systems. This objective leads 
to three main research questions. 
1.3.1 Research Question 1 
The first question is: How can production systems be modelled in such a way 
that the EoL options to close the loop at the different subsystems be evaluated with an 
integrated perspective of the MP and EoL phases? This question relates to production 
systems whereby resource loops may be closed at different parts of the systems in the 
EoL phase. It asks about the approach or methods to isolate these different parts for 
analysis so that a comprehensive approach to determine the optimal product EoL plan 
for closed-loop production is realised. It also emphasises the need for an integrated 
life cycle approach to product EoL planning as decisions to close the loop not only 
affect the system performance pertaining to the EoL phase, but also throughout the 
entire life cycle of the product. 
1.3.2 Research Question 2 
The second question is: How can product EoL plans be optimised under 
uncertainty – based on economic and environmental performance of the production 
systems – and how can robustness be added to tackle the uncertainty? This question is 
concerned with the consideration of both the economic and environmental factors in 
product EoL planning and how a balance between the two factors can be struck while 
dealing with uncertainties. It asks about the approach or methods for ensuring a 
balance or trade-off between environmental improvement and economic viability 
under dynamic and unpredictable conditions. 




1.3.3 Research Question 3 
The third and final question is: How can the model be sufficiently generic for a 
wide range of applications, yet does not compromise the details necessary to enable 
comprehensive evaluations of EoL options that close the loop at the different 
subsystems of a production system? This question refers to the inclusiveness of the 
approach or method for product EoL planning. It asks about the generalisation of the 
approach or methods to an expansive and diverse range of products, systems and 
industries. 
1.4 Thesis Outline 
This thesis contains the research and work done to develop a decision-support 
model to help system engineers and managers in the planning of product EoL so that 
the most effective closed-loop production strategies can be adopted to improve the 
environmental and economic performance of production systems. So far, the 
background of the work, motivation for embarking on this work, the research 
questions to be answered and objectives framing the scope of this work have been 
presented. In this section, a breakdown of the work done in this thesis by chapters, as 
shown in Figure 1-2, is given. 
In Chapter 2, a review of the state-of-the-art in standards and legislations, EoL 
options, sustainability indicators is provided to first contextualise and form a basis for 
this thesis. Then a review of the state of research is carried out to chronicle and 
critically review previous research, studies and methods done in the similar area. 
From there, existing gap in research, which is to be addressed in the thesis, are 
identified. 




With the existing research gap identified, the requirements for product EoL  
planning are specified in Chapter 3. This then leads to the conceptualisation of the 
decision-support model for product EoL planning and the framework underlying it. In 
Chapter 4 and Chapter 5, the method consisting of the modelling, simulation and 
analytical steps contained in the framework are fleshed out in detail. Supplementing 
the contents from Chapters 3 to 5, an implementation of the whole method as a 
prototype tool is presented in Chapter 6. 
In Chapter 7, a validation of the decision-support model for product EoL 
planning is done by applying the concept on two case studies: the first is a marine 
turbocharger which is an industrial mechanical product and the second a flat-panel 
display monitor which is a consumer electronics product. They are deliberately 
chosen to highlight the flexibility of the concept to handle a diversity of industry or 
product categories. 
Figure 1-2: Outline of thesis. 




Finally, Chapter 8 summarises the overall work that has been done in this thesis. 
A critical review of the work done is also provided and the limitations acknowledged; 
which finally leads to the future work to be carried out to address these limitations 
and the outlook for this area of work. 
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Chapter 2: Literature Review 
This chapter provides an account of the legislations and standards (i.e. extended 
producer responsibility), end-of-life (EoL) options, and sustainability indicators 
relevant to the area of product EoL planning to contextualise and establish a basis for 
the work.in this thesis. A critical review of the state-of-the-art is also provided 
through evaluating existing methods against a set of criteria for product EoL planning. 
From the evaluation, the existing research gap, which is to be addressed by the thesis, 
is identified. 
2.1 Extended Producer Responsibility – A Driving Factor 
for Product End-of-Life Planning 
Environmental legislations and standards are the most important drivers for 
sustainable production. Due to compliance with the requirements imposed by these 
legislations and standards, manufacturers are compelled to look into more 
environmentally responsible and efficient ways to carry out their operations. An 
environmental legislation that has become an effective driving factor for product end-
of-life (EoL) planning towards closed-loop production is extended producer 
responsibility (EPR). The purpose of EPR is to control the amount of EoL products 
that goes into the waste-stream and alleviate the burden on waste management 
municipalities [6]. 
2.1.1 EPR in Europe 
In terms of EPR implementation, Europe is leading the way with the Directive 
on end-of life vehicles (ELV) and the Directive on Waste Electrical and Electronic 
Equipment (WEEE). The ELV directive sets clear quantified targets for reuse, 
recycling and recovery of vehicles and their components with the aim of encouraging 




vehicle manufacturers to improve the efficiency of their take-back and recycling 
systems [7]. The WEEE directive, together with the Directive on the Restriction of the 
use of certain Hazardous Substances (RoHS), came into force in the European Union 
on 13 February 2003 [41]. The WEEE directive mandates take-back of electrical and 
electronic products at EoL by manufacturers [8]. The directive sets collection, 
recycling and recovery targets of these EoL products in member countries of the 
European Union with minimisation of waste flows from these products as the first 
priority. 
2.1.2 EPR in North America 
In Canada, EPR is implemented through a variety of approaches. Although there 
is no EPR law at the national-level, nearly all the provinces and territories in Canada 
have their own programs and legislations on product take-back. On October 29 2009, 
the Canada-wide Action Plan for Extended Producer Responsibility was approved 
with the goal of building and harmonising EPR policies at the national-level [42]. 
Similarly in the United States, there is no federal law governing EPR, which also 
known as product stewardship. The decision to implement EPR is left to the local 
government. Nevertheless, EPR laws making e-waste recycling mandatory have been 
passed in 25 states with several more working on passing new laws or improving on 
existing ones [14]. 
2.1.3 EPR in Asia and Oceania 
Among the countries Asia, Japan is the foremost example in the implementation 
of various EPR laws. The Basic Act for Establishing a Sound Material-Cycle Society 
was put into effect on 2 June 2000 to promote the conservation of natural resources; 
the reduction or prevention of waste generation from products through proper reuse 




and recycling; or otherwise the proper disposal of these products [13]. The Law for 
the Recycling of Specified Kinds of Home Appliances was enacted in June 1998 and 
enforced in April 2001 with the aim of promoting sound waste treatment and efficient 
use of resources through reduction of wastes and full utilisation of recyclable 
resources [10]. The Law for Promotion of Effective Utilization of Resources was 
enacted in May 2000 and enforced in April 2001 to enhance measures for recycling 
goods and resources by encouraging the implementation of collection and recycling of 
used products by business entities; reduce waste generation by promoting resource 
saving and ensuring longer life of products; implement measures for reusing parts 
recovered from collected used products; and address the problem of industrial wastes 
by accelerating reduction of by-products and recycling [11]. The Law for the 
Recycling of End-of-Life Vehicles was enacted in July 2002 to mandate the collection 
and recycling of ELVs [9]. The Law for the Promotion of Sorted Collection and 
Recycling of Containers and Packaging was enacted in 1997 in order to extend the 
responsibility of treating waste containers and packages not just to the manufacturers, 
but also consumers [12]. 
Other countries in Asia which have implemented EPR laws for e-waste, 
automobile and packaging industries are South Korea and Taiwan [43]. In January 
2011, China has started a recycling policy based on EPR. Other developing countries 
in Asia such as Thailand, Malaysia, Vietnam and Indonesia are also considering the 
adoption of EPR laws. With the National Waste Policy (2009) in Australia, its 
government is committing, with the support of state and territory governments, to the 
establishment of a national waste framework underpinned by legislation to support 
voluntary, co-regulatory and regulatory product stewardship and EPR schemes to 
ensure that the impacts of a product being responsibly managed during and at end of 




life [44]. In New Zealand, a number of non-mandatory EPR schemes are already in 
place [45]. But to prevent businesses from benefiting without contributing to schemes, 
the government is working on mandatory legislations. 
2.2 End-of-Life Options – The Enablers of Closed-Loop 
Production 
Product end-of-life (EoL) is the phase in which the used product is no longer 
useful and is discarded. There are a myriad of different definitions in product EoL 
planning related to the options that enable the proper treatment of a product in the 
EoL phase. In general, EoL options refer to the different disposal options, such as 
landfill and incineration, or recovery options such as reuse, remanufacturing and 
recycling. Based on the waste hierarchy in the Waste Framework Directive by the 
European Commission, EoL options can be hierarchically categorised as reuse or 
refurbishment, remanufacturing, recycling, energy recovery by incineration, and 
disposal by landfilling as shown in Figure 2-1 [46]. 
Figure 2-1: Hierarchy of end-of-life options [45]. 
 




2.2.1 Reuse or Refurbishment 
In the hierarchy of EoL options, reuse or refurbishment is considered the most 
eco-friendly option. Through this option, the consumer extends the useful life of the 
product through the second cycle of use (second-hand use) at the usage stage. 
However, this type of reuse is not considered closed-loop. In the context of this thesis, 
the term is open-loop reuse. For an extensive review of the different definitions of 
reuse in different industry sectors, it is worth looking at the report by Parker [47]. 
2.2.2 Remanufacturing 
The next in the hierarchy is remanufacturing. It is a process of disassembling 
EoL products or cores, during which time parts are cleaned, restored or replaced and 
finally reassembled, bringing the products to “like-new” condition [48, 49]. Studies 
have shown that remanufacturing is leads to significant cost savings especially in 
terms of material and energy consumption [50]. In the context of this thesis, 
remanufacturing is considered the superset of EoL options that is relevant to a closed- 
loop production, such as disassembly, (closed-loop) reuse of modules or components, 
(closed-loop) material recycling, and disposal. This is illustrated by Figure 2-2. 
Figure 2-2: Remanufacturing as a superset of other end-of-life options. 





After remanufacturing, the next EoL option in the hierarchy is recycling. It has 
been the most prevalent EoL option for waste management in many industrial sectors 
in developed countries over the years [51]. Depending on the context, there are 
varying definitions to the term recycling. According to Jovane, et al. [52], recycling 
can be defined as salvaging of parts, components or materials from waste or scrap 
products and reutilising them in new products. In the words of Seliger, et al. [53], 
recycling means “closing the loop” at the different stages of a product’s life cycle: 
production (e.g. recycling of residues from sheet metal cutting and injection 
moulding), usage (e.g. repair of faulty products), and EoL (e.g. salvaging of 
components or materials for reutilisation). Hentschel, et al. [54] went as far as 
defining the treatment and recovery processes within recycling. The term recycling 
has also been loosely used to also mean reuse or anything that is to the effect of 
reutilisation of resources. In order to clearly differentiate and prevent any overlapping 
in definition with other EoL options, recycling in the context of this thesis specifically 
refers to reutilisation of the resource from EoL products at the material-level. 
2.2.4 Energy Recovery and Disposal 
When the aforementioned EoL options are not feasible, the next in the hierarchy 
is energy recovery. This EoL option attempts to convert non-recyclable waste into 
useable heat, electricity, or fuel through a variety of processes such as gasification, 
pyrolysis, anaerobic digestion, landfill gas (LFG) recovery, and incineration [55]. It 
reduces carbon emissions by offsetting the need for energy from fossil sources and 
reduces methane generation from landfills. The residue (usually ash) from energy 
recovery, which is about 12% of the initial weight, is sent to a landfill – which 
incidentally is the lowest in the hierarchy of EoL options. For this thesis, the terms 




used for energy recovery and disposal options are dependent on the context of the 
system under study. 
2.3 Sustainability Indicators – The Measure for Sustainable 
Production 
Indicators are useful for summarising, condensing and focusing enormous 
amount of data related to complex and dynamic environments into manageable and 
meaningful information [56]. For sustainable production, indicators can assist in the 
decision-making for and management of production systems towards seeking the goal 
of the triple bottom line: social integrity, environmental responsibility and 
profitability. Corresponding to this triple bottom line, sustainability indicators can be 
categorised in relation to measuring a system’s social, environmental and economic 
performance. But even within these categories, there are a multitude methods and 
sustainability indicators to measure the performance of a production system e.g., 
LCA, Social LCA (SLCA), Life Cycle Cost Analysis (LCCA), the ecological 
footprint (EF), the environmental sustainability index, the measurement of net 
savings, and others [57, 58]. Expansive reviews of existing sustainability indicators 
can be found in the books by Hák, et al. [59], and articles by Ness, et al. [60], Singh, 
et al. [61], Herva, et al. [62], Roca and Searcy [63] and Cucek, et al. [64]. However, 
for the purpose of conciseness, this section only highlights the more established 
indicators that are relevant to product EoL planning. 
In selecting the right sustainability indicators, a good starting point is to 
understand what is defined by a good indicator. According to Veleva and Ellenbecker 
[65], a good indicator should satisfy one or more of the following qualities: 
 Appropriateness to the task of assessing sustainable production 




 Based on available and accurate data 
 Verifiable 
 Based on a set of indicators rather than a single indicator 
 Comprised of core and supplemental indicators 
 Addressing all six aspects of sustainable production (i.e. energy and material 
use, natural environment, social justice and community development, economic 
performance, workers, and products) 
 Including a manageable number of indicators 
 Easy to apply and evaluate indicators 
 Simple, yet meaningful indicators 
 Using both quantitative and qualitative indicators 
 Allowing comparisons among companies 
 Addressing key global issues 
 Consistent with national and community sustainability indicators 
 Developed and evaluated through an open process encouraging stakeholder 
In addition to the qualities of a good indicator, the authors also highlighted the trend 
towards using a manageable number of indicators, usually between ten and twenty, 
that are simple and easy to apply. This is an indication that there is a need to balance 
between simplification and complication to preserve the indicator qualities while 
keeping the number manageable [61]. 
2.3.1 Environmental Indicators 
In a review of literature on environmental indicators or “footprints”, the major 
ones are mainly focused on carbon, ecological and water [66, 67]. The sustainable 
manufacturing toolkit by the Organisation for Economic Co-operation and 
 




Development identified 18 most important and commonly applicable quantitative 
indicators to measure environmental performance [68]. An overview of these 
sustainable manufacturing indicators and their relevance to the environmental impact 
of inputs (for processes), operations and products is provided in Table 2-1. 
 
Among the environmental indicators, greenhouse gas (GHG) emissions 
intensity, or carbon footprint, is the most standardised and prevalent environmental 
indicator [64, 67, 69, 70]. It was first defined in scientific literature by Høgevold [71] 
in 2003 and is the measure of the amount of GHG emissions (mass of CO2 equivalent, 
e.g. kg-CO2-eq) that contribute to global warming and climate change. It is also used 
as the measure for the amount of GHG emission reduction targets set out in the Kyoto 
Protocol, an international agreement linked to the United Nations Framework 
Convention on Climate Change [72]. Carbon footprint is one of the major impact 
category found in life cycle assessment (LCA) results, i.e. global warming potential 
Table 2-1: An overview of the OECD sustainable manufacturing indicators [68]. 




(GWP) [73]. In carbon footprint assessments, a specific time horizon, usually 100 
years, is considered [74]. 
For the work in this thesis, carbon footprint is the most suitable environmental 
indicator due to its relevance, prevalence of use and general acceptance in the 
industry. 
2.3.2 Economic Indicators 
Economic benefits is found to be one of the top factors for manufacturing 
companies to adopt closed-loop production [75]. And because majority of decisions 
for closed-loop production are made based on economic benefits, the importance of 
economic indicators cannot be overstated [21, 27, 76]. In a nutshell, economic 
indicators are used to measure the economic activities of humans. They can be 
defined in terms of monetary units per capita, product, company, country or even time 
depending on the scope of the economic (cost) analysis [64]. Reasons for carrying out 
economic analysis are, but not limited to [77]: 
 Gathering information used in price setting, bidding and contracts evaluation 
 Determining the profitability of manufacturing and distributing a product 
 Evaluating if capital investments for process changes or other improvements are 
justified 
 Establishing benchmarks for productivity improvement programs 
Among the variation of economic indicators, the most commonly used in cost 
accounting are present worth (PW) or net present value (NPV), future worth (FW), 
annual worth (AW), internal rate of return (IRR), external rate of return (ERR), and 
payback period. NPV, FW and AW are used to indicate the worth or value of a project 




or decision at certain point(s) in time based on an interest rate known as the minimum 
rate of return (MARR) [77]. IRR and ERR indicate the periodic rate of return (profit) 
of an investment and is compared to the MARR. However, a limitation of IRR and 
ERR is their unsuitability for use in comparing the value of mutually exclusive 
alternatives, which is an essential part of the work in this thesis. The payback period 
measures the time taken for an investment to breakeven, i.e. when the investment is 
completely recovered by the revenues minus operating costs.  
Because the NPV allows mutually exclusive alternatives to be evaluated in 
product EoL planning and provides information on the potential return from adopting 
that plan, it is the economic indicator of choice for the work in this thesis. 
2.3.3 Social Indicators 
Compared to environmental and economic indicators, social indicators and 
methods to compute them are still unestablished and often is an area of research that 
attracts debate. In a literature on sustainability footprints, some of the more relevant  
social indicators (to the work in this thesis) include social footprint, human rights 
footprint, poverty footprint, job footprint, and work environment footprint [64]. 
However, as with most social indicators and quantification methods, the unclear and 
qualitative nature of most of the social criteria used makes an unbiased selection of 
these indicators difficult. 
Therefore, for the purpose of limiting the work within the scope of this thesis 
and avoiding the issue of biasness, the decision is to exclude the consideration of 
social aspects in the work here entirely. 




2.3.4 Composite Indicators 
Sometimes decisions are made based on multiple criteria and using a single one-
dimensional indicator may be unrealistic. Singh, et al. [61] highlighted the need for 
composite indicators that capture more than one criterion. But the construction of 
composite indicators in itself involves making decisions. For instance, decisions have 
to be made on the assumptions used in estimating the measurement error in data, 
inclusion or exclusion of criteria considered in the indicator, normalisation scheme, 
imputation method, weighting and aggregation [61]. This leads to the issue of 
subjectivity in the composite indicators, especially in the weighting aspects as pointed 
out by Sharifi and Murayama [78]. One may even argue that in the inclusion or 
exclusion of criteria, the ones that are excluded have, albeit unconsciously, been given 
a weighting of zero. As a matter of fact, multi-criteria decision-making (MCDM) is a 
research area that is dedicated to the subject of composite indicators. 
Nonetheless, even amidst the issue of subjectivity, eco-efficiency has become a 
well-recognised and widely used composite indicator. Basically, it is the ratio 
between the economic performance and environmental performance of a system under 
study [79]. The World Business Council for Sustainable Development (WBCSD) 
describes eco-efficiency as “a management philosophy which encourages business to 
search for environmental improvements that yield parallel economic benefits” [80]. 
Since the carbon footprint and NPV will be used for the work in this thesis, it is 
only natural that eco-efficiency is selected as the composite indicator to enable a 
simultaneous evaluation of the environmental performance and economic 
performance of a production system. 




2.4 State-of-the-Art in Product End-of-Life Planning 
With an account of global extended producer responsibility (EPR) laws, end-of-
life (EoL) options, and sustainability indicators relevant to the area of product EoL 
planning provided in the previous sections, the basis of the work in this thesis has 
been contextualised and established. Building upon that, this section presents a critical 
review of the state-of-the-art in product EoL planning. In this critical review, a set of 
criteria for product EoL planning is identified based on the objective and three main 
research questions as discussed in Section 1.3. Against this set of criteria, an 
evaluation of the body of research related to the area of product EoL planning is 
carried out. From the evaluation, the existing research gap, which is to be filled by 
this thesis, is identified. 
2.4.1 Criteria for Product End-of-Life Planning 
As stated in Section 1.3, the objective of this thesis is to develop a decision- 
support model to help system engineers and managers in the planning of product EoL 
so that the most effective closed-loop production strategies can be adopted to improve 
the environmental and economic performance of production systems. Based on this 
objective and the body of existing research in the area, including resource flows 
analysis models (e.g. [81, 82]), closed loop supply chain design and management (e.g. 
[23, 83-87]) and product EoL strategies (e.g. [88-99]), a set of criteria for product EoL 
planning is specified. The purpose of specifying the criteria is to ensure, as much as 
possible, an objective evaluation of relevant existing methods so that a clear research 
gap in the current state-of-the-art can be identified. The criteria for product EoL 
planning, grouped into three main categories in relation to the research questions 
raised in Section 1.3, are summarised in Table 2-2 and elaborated in the following 
sections. 





 Multiscale System Model 2.4.1.1
The criteria for a multiscale system model relate to research question 1: How 
can production systems be modelled in such a way that the EoL options to close the 
loop at the different subsystem parts be evaluated with an integrated perspective of 
the MP and EoL phases? As mentioned, resource loops are closed at different parts of 
Table 2-2: Criteria for product end-of-life planning. 




a production system in the EoL phase through the reutilisation of resources at various 
product levels (product, modules, components, and/or materials). To provide 
decision-support for resource reutilisation at the various product levels, a multiscale 
model of the production system is necessary to allow the analysis and optimisation of 
the system at different resolutions and scales. The criteria for evaluating existing 
methods in the category of multiscale system model are the span, depth and 
optimisation capability. 
The span of an existing method is judged based on the holism (scope and 
integration) of the product life cycle considered in its model. Ideally, the model 
should consider all the life cycle stages that a product goes through in a closed-loop 
production system and take into account interdependencies between the life cycle 
stages from closing the resource loop at EoL (e.g. offset in material requirements 
from recycling and capacity requirements from capacity sharing between the life 
cycle phases). This is because in a closed-loop production system, the value stream 
extends beyond the customer to the life cycle stages in the EoL phase. In the EoL 
phase, modules, components and/or materials are recovered from the product to be 
reutilised in the new manufacturing cycle of the product in the mainstream production 
(MP) phase [31]. Therefore, in the design and management of a closed-loop 
production system, processes over the entire life cycle of the product must be 
explicitly considered [100].  
Next is the depth criterion. It judges an existing method based on the amount of 
information captured in its model to provide an accurate analysis of the system under 
study. Although this may seem unimportant during the early development and 
planning process, system engineers and managers will need more accurate estimates 




of system performance as they delve into the actual product EoL planning process 
with the aim of closing the resource loops at the various subsystems [101, 102].  
Following the previous criteria is the optimisation capability criterion. It judges 
an existing method based on whether its model includes the capability to optimise the 
system under study by determining the best EoL options for the product, which is the 
essence of product EoL planning [103]. Ideally, the model is built with an 
optimisation capability to provide decision-support for selecting the best 
configuration of EoL options to form the optimal product EoL plan. 
 Robust Product End-of-Life Plan 2.4.1.2
The criteria for robust product EoL plan relate to research question 2: How can 
product EoL plans be optimised under uncertainty – based on economic and 
environmental performance of the production systems – and how can robustness be 
added to tackle the uncertainty? Basically, robust planning of product EoL refers to 
the determination of the optimal product EoL plan that can cope with different and 
unpredictable conditions (i.e. objectives and uncertainties) present in closed-loop 
production systems. To evaluate existing methods in this category, the criteria are 
environmental consideration, economic consideration and uncertainty consideration. 
The primary objective of product EoL planning is to minimise the 
environmental impact through proper management of the product at EoL. As 
discussed previously, this objective stems from the challenges of public pressure, 
legislative compliance and stakeholders’ expectations. This is further compounded by 
the growing “green consumer” market which is driving up demand for sustainable and 
sustainably manufactured products [27, 104]. For these reasons, it is imperative that 




the environmental performance of the system is prioritised in the planning of product 
EoL. 
However, justification for closed-loop production cannot be purely based on 
environmental aspects alone [21]. A common assumption is that closing the resource 
loop is always economically beneficial [105-107]. But this is not always true due to 
the capacity investment and additional costs required in the recovery process [32]. 
Therefore, the method must take into account these details, as ultimately closed-loop 
production must be economically sustainable. Some researchers have even argued that 
if undertaken without sound economic foundation, closed-loop production will almost 
certainly fail [108-111]. Therefore, ideally, the model is able to consider the 
environmental and economic aspects simultaneously, thus providing decision-support 
based on a trade-off between the environmental performance and economic 
performance. 
Apart from the environmental and economic considerations, uncertainty 
consideration is another important criterion for robust planning of product EoL. This 
is because there is a high degree of uncertainties involved in the planning of product 
EoL for closed-loop production [31]. For instance, the level of product recovery 
volume is often dynamic due to unpredictable qualities and timing of product returns 
[27, 34, 86, 87, 109, 112]. Therefore, the ideal model must be able to take into 
account uncertainties and determine the most robust optimal EoL plan to tackle it. 
 Flexible Method 2.4.1.3
The criteria for flexible method relate to research question 3: How can the 
model be sufficiently generic for a wide range of applications yet does not 
compromise the details necessary to enable comprehensive evaluations of EoL 




options that close the loop at the different subsystem parts of a production system?  
Oftentimes, the low adoption of a method is not because of the quality of its solution 
but rather the rigidity of its method. Factors such as the level of complexity and effort 
involved in the implementation, and the limitations of application are major barriers 
to the adoption of a method [113]. Therefore, the criteria to evaluate existing methods 
in the category of flexible method are implementation and application. 
The implementation criterion refers to the level of complexity and effort 
involved in the implementation of a method. This is an important criterion because in 
developing the method, the final intention is to provide a solution for the user. Ideally, 
this solution is provided through an implementation of the method in a software tool 
without the need for specialised software (which are usually expensive) or expert 
knowledge in software computer programming. 
Methods that are developed for specific cases involve a high degree of 
customisation to the cases they are studying. This usually limits the methods to a 
narrow scope of application. For example, the method developed by Staikos and 
Rahimifard to determine the most appropriate EoL options is specific to the footwear 
industry [114, 115]. To improve the adoption of a method, it must be relatively 
generic for applicability within and across product categories and industry. This is 
judged by the application criterion. 
2.4.2 Evaluation of Existing Methods 
From scouring through the body of existing works related to product EoL 
planning, seven pioneering methods that are related to product EoL planning and 
deemed the most relevant to the objective of this thesis were identified. In the 




following sections, the individual methods are critically reviewed based on the criteria 
for product EoL planning set out earlier. 
 Life Cycle Assessment 2.4.2.1
Life cycle assessment (LCA) is a process-based modelling method  for 
analysing the environmental impacts of products [116, 117]. It is carried out in four 
phases as illustrated in Figure 2-3. Depending on the scope and scale of the LCA 
study, which is usually from cradle-to-grave, the inputs and outputs of material, 
energy and emissions can be directly attributed to the various subsystems of a 
product. The EoL phase in cradle-to-cradle or closed-loop production are usually 
modelled as recycling processes using avoided burden as the allocation method [118].   
However, there is no obvious way of optimising EoL scenarios in LCA models for 
product EoL planning. 
Although LCA’s focus is not on the economic aspect of sustainability, it is a 
comprehensive method to conducting environmental impact assessment. LCA is 
Figure 2-3: The four phases in life cycle assessment [115]. 




commonly adopted as the method to compute environmental indicators which are 
used complementarily with cost-benefit analysis and other economic indicators [103]. 
Uncertainties are not usually considered in detail with sensitivity analysis being 
carried out to investigate large input data variations on the results. Nevertheless, 
uncertainty analysis methods such as Monte Carlo Simulation can be used to take into 
account uncertainty in LCA [119]. 
Despite LCA being available in a number of commercial software tools such as 
SimaPro [120], GaBi [121] and Umberto NXT LCA [122], it is not difficult to build 
LCA models using common spreadsheets such as Microsoft Excel. LCA is a product 
focused environmental assessment but is adaptable with the selection of appropriate 
Table 2-3: Evaluation scores for life cycle assessment. 




functional units. It is by far the most established method for environmental 
assessment and is part of the ISO 14000 environmental management standards [123]. 
The overall evaluation on the LCA method is summarised in Table 2-3. 
 Process-Based Cost Model by Kirchain et al. 2.4.2.2
The process-based cost model (PBCM) is a bottom-up cost modelling method 
that builds production cost up from mapping process information to technical cost 
details (Figure 2-4) [124-126]. The initial motivation behind PBCM was to provide a 
tool to analyse the economics of emerging manufacturing processes but has been 
proven to be applicable for (EoL) product recovery systems as well [125, 127]. 
However, the method models EoL phase separately from the MP phase. PBCM has 
also been extended to address cost implications of alternative designs and  
technologies [126, 128]; but the optimisation capability for product EoL planning may 
be limited as PBCM is not particularly developed for this purpose. 
 
Despite being cost-focused, PBCM has been successfully used with LCA to 
analyse the eco-efficiency of (EoL) recovery systems [125, 127]. In fact, because 
PBCM and LCA are both process-based modelling methods, there is an alignment in 
the type of process data and information used and thus, makes both the methods 
complementary to each other. Detailed cost elements (which include operating costs 
and capital investments) are modelled in the PBCM method. However, uncertainties 
Figure 2-4 : Mapping process information to technical cost details to build up production cost 
[126]. 




have not been explicitly and deeply considered in previous studies. Nevertheless, 
PBCM allows users to carry out sensitivity analysis to investigate the impact of 
uncertainties in the data [124, 125]. 
Specialised software packages are not necessary in the implementation of  
PBCM, as common spreadsheet software with reasonable graphing capability for data 
visualisation (e.g. Microsoft Excel) is adequate. PBCM has also been shown to be 
flexible enough to be applied across different manufacturing processes [128]. The 
mechanism underlying the PBCM, i.e. the algorithms, are explicitly described in the 
paper by Fuchs, et al. [124]. The overall evaluation of the PBCM method by Kirchain 
et al is summarised in Table 2-4. 
 
Table 2-4: Evaluation scores for the process-based cost model by Kirchain et. al. 




 Stochastic Dynamic Programming by Krikke et al. 2.4.2.3
The stochastic dynamic programming (DP) method uses the disassembly tree to 
model the EoL recovery processes for a product [39, 96]. This method consists of a 
two-phase procedure solely focused on optimising the EoL recovery (Figure 2-5). It 
completely disregards the MP phase. 
 
Although the method claims that ecological criteria are considered, it is actually 
referring to the “ecological feasibility” which is just the optimisation constraints 
defined by the requirement for proper disposal of hazardous substances. The actual 
environmental performance of EoL recovery of products is not considered. The 
primary objective function in the method is to maximise profitability or minimise 
cost. Conditional probabilities are used to model the uncertainties in the method [39, 
96].  
In the original work, the stochastic DP method is implemented using Pascal 
Borland 7.0 [39]. There should not be any problems implementing it using other 
software packages but some programming knowledge is required to build in the 
optimisation logic (algorithm). The application of the method is mostly demonstrated 
on case studies of consumer electronics [39, 96, 129, 130]. However, from 
scrutinising the method, there is no reason why it cannot be applied in other product 
categories. The DP algorithm together with the conditional probabilities to model the 
uncertainties, provided in the referenced articles, are relatively clear in their 
Figure 2-5: Two-phase optimisation procedure for the stochastic dynamic programming method 
[38,95] 




description. The overall evaluation of the stochastic DP by Krikke et al is summarised 
in Table 2-5. 
 
 End-of-Life Design Advisor and End-of-Life Strategy Environmental 2.4.2.4
Impact Model by Rose et al. 
The end-of-life design advisor (ELDA) is tool which classifies EoL strategies 
for electronic products and provides EoL decision-support at the product design stage  
(Figure 2-6) [131]. The classification of EoL strategies is generalised to the product- 
level (e.g. to reuse, remanufacture, recycle or disposal of the product). ELDA was 
later extended to include the upstream life cycle stages in the end-of-life strategy 
Table 2-5: Evaluation scores for the stochastic dynamic programming by Krikke et al. 




environmental impact model (ELSEIM) [132]. Optimisation of the EoL plan is in the 
form of generic classification of the EoL strategies as mentioned earlier. 
 
Minimising environmental impact is the primary objective of the 
ELDA/ELSEIM method [131-133]. Monetary costs of the EoL strategies are also 
taken into and coupled for EoL decision-making based on eco-efficiency [133]. 
Uncertainties are completely ignored as the classification of EoL strategies is 
generalised based on a statistical analysis of the case studies using the Classification 
and Regression Tree (CART) technique [134]. 
ELDA has been implemented as a web-based tool for Design for End-of-Life 
with an extensive database for the electronics industry [133, 134]. It implies that the 
implementation is part of the solution provided in the tool. However, this may restrict 
users who need to customise the tool for certain requirements or specific needs, and 
could be an issue for smaller or emerging industries with limited data. The overall 
evaluation of the ELDA/ELSEIM method by Rose is summarised in Table 2-6. 
Figure 2-6: End-of-life design advisor method [130] 





 Quotes for Environmentally Weighted Recyclability by Huisman 2.4.2.5
Quotes for environmentally weighted recyclability (QWERTY) is a process-  
based method to model and quantify the eco-efficiency of EoL systems for electronic 
products [135, 136]. The upstream life cycle stages are not considered as the method 
deals mainly with waste electrical and electronic equipment (WEEE). The optimal 
EoL plan for a product is determined through the computation of the QWERTY value 
or score. 
Table 2-6: Evaluation score for the end-of-life design advisor and end-of-life strategy 
environmental impact model by Rose et al. 





The environmental performance of a recycling system is measured by the 
QWERTY score (Figure 2-7). Similarly, using the method, the QWERTY score can 
also be computed for the system’s economic performance. However, only the direct 
costs of the recycling processes are considered. The environmental and economic 
QWERTY scores are represented in the form of a 2-D chart to analyse the eco-
efficiency [136]. No uncertainty is considered in the method. 
The method for calculating the QWERTY scores are implementable using 
spreadsheets that have graphing capabilities to visualise the 2-D eco-efficiency charts. 
As mentioned, the main theme of the method is to determine the best option to treat 
EoL electronic products [135, 136]; hence, applicability to other industries could be 
limited. The overall evaluation of the QWERTY method by Huisman is summarised 
in Table 2-7. 
Figure 2-7: Calculating quotes for environmentally weighted recyclability scores [134]. 





 Multi-Life Cycle Assessment and Analysis by Caudill et al. 2.4.2.6
The multi-life cycle assessment and analysis (MLCA) is an extension of the 
traditional process-based LCA method with consideration of economics (Figure 2-8) 
[137]. However, it assumes capital investment is not necessary, as capacity is readily 
available at the various life cycle stages. The stages throughout the entire product life 
cycle are modelled in MLCA but the integration between them is not evident. The bin 
assignment algorithm was later incorporated to find the optimal EoL plan to maximise 
profitability considering partial disassembly [138]. 
Table 2-7: Evaluation score for the quotes for environmentally weighted recyclability by 
Huisman. 





Because MLCA is an extension of LCA, environmental consideration forms the 
basis for the method. Economic aspect is incorporated with the consideration of 
recovery cost, value and yield for product EoL planning but the relationship to 
environmental performance is not explicitly defined [138]. Uncertainties are not 
considered at all in the method. 
To minimise the effort on the user’s part, a database is provided to support the 
MLCA tool. However, the MLCA method can also be implementable using other 
software packages but some programming knowledge is required to program the 
optimisation algorithm and manage the database. So far, only case studies on 
consumer electronics are provided but the method should be applicable to other  
product categories. The overall evaluation of MLCA by Caudill et al is summarised in 
Table 2-8. 
Figure 2-8: Screenshot of the multi-life cycle assessment and analysis framework [136]. 





 Life Cycle Simulation by Umeda et al. 2.4.2.7
Life cycle simulation (LCS) is a method for simulating the life cycle 
performance of a product over a time horizon in which a volume of the product goes 
through the life cycle stages, from production to EoL [139]. The framework for the 
method is shown in Figure 2-9. Modules and components are considered as variables 
in the model without clear delineation of subsystems processing these parts [140-142]. 
Hence, analysis of system at the micro-scale may be limited. Moreover, there is no 
indication that the method can be used for configuring the best EoL options for a 
product (disassembly levelling); although it has demonstrated versatility in its 
application for life cycle planning. 
Table 2-8: Evaluation scores of the multi-life cycle assessment and analysis by Caudill et al. 
 





LCS can adapt the LCA method to simulate the life cycle environmental 
performance of products [139]. Traditional life cycle costing (LCC) methods are also 
adaptable to LCS; however, there is no clear indication on how economic 
performance and environmental performance can simultaneously considered in the 
decision-making process. Stochastic simulation of life cycle performance, i.e. taking 
into account uncertainties, is the main forte of the LCS method. 
It is possible to build LCS models in spreadsheets but simulations that are more 
complex may require more advanced software packages with higher computational 
power. The method has been demonstrated to be flexible for application in various 
types of products, for example refrigerators [140], air-conditioners [142], fax 
machines [143]. The overall evaluation of the LCS approach by Umeda et al is 
summarised in Table 2-9. 
Figure 2-9: Architecture of life cycle simulation system [138]. 





2.4.3 Comparison of Evaluation Results 
The evaluation of existing methods based on the criteria for product EoL 
planning serves two main purposes. First, the evaluation scores of the methods can be 
compared to see what are their individual strengths and weaknesses. This provides a 
reference point on which elements from existing work should or should not be 
included in the work to meet the objective of this thesis. Second, the evaluation scores 
across the criteria can be compared to identify what is the present and impending 
research gap in product EoL planning. This gap is the missing link that separates the 
current state-of-the-art and the final goal that is to be achieved from meeting the 
Table 2-9: Evaluation scores for the life cycle simulation by Umeda et al. 




objective of this thesis. Table 2-10 is a summary of the results of the evaluation of the 
existing methods presented in the previous sections. 
 
From the table, it is obvious that none of the existing methods can currently 
offer a holistic solution for product EoL planning. Among the methods, PBCM comes 
nearest to providing a holistic solution at a score of 0.78. Its main weakness is the lack 
of an integrated life cycle perspective in its modelling method, which only considers 
either the MP or EoL phase in isolation. However, the key strengths of the method are 
in its cost details and flexibility. After PBCM, LCS comes in at a score of 0.75. 
Although LCS is far from the ideal method in terms of the level of details (due to lack 
of micro-scale analytical and optimisation capabilities), it makes up for that with 
powerful and flexible stochastic modelling capabilities. 
Table 2-10: Summary of evaluation of research approaches based on the criteria for product 
end-of-life planning. 




When comparing across the criteria, the average criterion scores show a dearth 
in methods that are able to provide models that have true integration   between the MP 
and EoL phases (i.e. interdependencies modelled) and at the same time take into  
account uncertainties in the system. Looking further into the results, it can be 
observed that there is an inverse relationship between the span (integrated perspective 
of the entire product life cycle) and depth (details included in the model, e.g. defined 
and segmented subsystems) of an approach. This is because approaches that excel at 
the span criterion mostly take the perspective of the production system or supply 
chain, whereby a macro-scale modelling of the system is adopted. Conversely, 
approaches that excel at the depth criterion mostly take the perspective of the product 
life cycle, whereby a micro-scale modelling of the system is required to study the 
individual parts and life cycle stages of the product. In general, the consensus among 
the approaches is methods must have high degree of flexibility. This is expected since 
the quality of a research approach is ultimately (though implicitly) measured by the 
level of its proliferation in the industry. 
2.5 Research Gap in Product End-of-Life Planning 
Based on the evaluation of existing methods related to product EoL planning in 
the previous section, there is a clear research gap between product EoL planning from 
the perspective of the product life cycle and product EoL planning from the 
perspective of the (closed-loop) production system. In the methods that take the 
product life cycle perspective, there is a disconnection between the MP and EoL 
phases. Current modelling and EoL planning methods (e.g. LCA, PBCM, stochastic 
DP, ELDA/ELSEIM and QWERTY) mostly consider the phases in isolation of each 
other. Even when they consider the entire product life cycle, the interdependencies 
between the MP and EoL phases are not explicitly modelled. In the methods that take 




the production system perspective, there is a lack of multiscale models to enable 
(closed-loop) production systems to be analysed and optimised not just at the system-
level (macro-scale), but also at the subsystem-levels where the individual parts in the 
products are processed (micro-scale). Existing methods (e.g. MLCA and LCS) that 
models integrated life cycle mostly optimise the system at the macro-scale. On top of 
that, methods that provide optimisation at the micro-scale are focused on the product 
and processes rather than the systems. This often leads to the assumption that EoL 
recovery of products only involves operating costs; and capital investments are not 
necessary as capacity is always or readily available [32]. 
Therefore, in order to develop a decision-support model to help system 
engineers and managers in the planning of product EoL so that the most effective 
closed-loop production strategies can be adopted to improve the environmental and 
economic performance of production systems, the research gap as discussed above 
must be bridged by the work in this thesis. 
2.6 Summary 
In this chapter, an account of extended producer responsibility (EPR) laws 
around the world and end-of-life (EoL) options was provided to set the context of the 
work to be covered in this thesis. In addition, literature on sustainability indicators 
was also covered to identify appropriate performance measures that can be used in the 
work. 
Among the indicators, carbon footprint was selected as the environmental 
indicator due to its relevance, prevalence of use and general acceptance in the 
industry. For the economic indicator, the NPV is the indicator of choice due to its 
suitability for evaluating mutually exclusive alternatives in product EoL planning, as 




well as providing information on the potential return of that plan. As for the social 
indicators, none were found to be well-established enough and selecting one over 
another was difficult to justify. With the selection of the environmental indicator (i.e. 
carbon footprint) and economic indicator (i.e. NPV), eco-efficiency was the 
instinctive choice of composite indicator. It is a well-recognised sustainability 
indicator in the industry and is able to provide the information on how much monetary 
value is created for every amount of environmental burden generated, which is an 
important aspect of product EoL planning. 
Following that, a critical review of the state-of-the-art was carried out. In this 
critical review, a set of criteria for product EoL planning was identified. This set of 
criteria was used as the reference so that the evaluation of existing methods related 
product EoL planning is as objective as possible. Among the body of existing 
research, seven pioneering methods, which were deemed most relevant to the scope of 
this thesis, were evaluated. From the evaluation, it is clear that the current state-of-
the-art, hitherto, does not adequately address the problems in product EoL planning 
especially in the context of closed-loop production systems. This was summed up by 
the research gap – which will be bridged by the work in this thesis. 
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Chapter 3: Concept for Product 
End-of-Life Planning 
This chapter presents a prelude to the work put into the development of the 
decision-support model for product end-of-life (EoL) planning. It begins with the 
conversion of the criteria into the requirements for the concept of the model. The 
purpose of the requirements is to ensure that in bridging the research gap, the 
proposed method for the model satisfies the fundamental criteria set out in the 
previous chapter. Following that is a description of the framework for the method, 
which provides the lead up to the detailed work put into the development of the model 
covered in the later chapters. 
3.1 Requirements of the Concept for Product End-of-Life 
Planning 
The decision-support model for product EoL planning is developed with the aim 
of providing decision-support in the planning of product EoL so that the most 
effective closed-loop production strategies can be adopted to improve the 
environmental and economic performance of production systems. However, in the 
development of the model, the fundamental criteria set out in Section 2.4.1 must not 
be overlooked. To ensure that, the criteria are converted into requirements that has to 
be fulfilled by the model. Figure 3-1 depicts the process of specifying the criteria 
from the objective and converting them into requirements of the concept for product 
EoL planning. 




The difference between the criteria and requirements of the concept for product 
EoL planning  is in the specificity, unambiguity and verifiability of the requirements. 
Therefore, in the conversion of the criteria to the requirements, the ideal (maximum 
evaluation score of 1.00) in each criterion is reframed into a specific, unambiguous 
and verifiable statement. Similar to the criteria, the requirements are also categorised 
into three main areas: 1) multiscale system model, 2) robust product EoL plan, and 3) 
flexible method. 
In the multiscale system model category, the span criterion converts into the 
requirement for the method to consider the entire product life cycle. In addition, the 
model must reflect the interdependencies between the life cycle stages due to capacity 
sharing and closed-loop reutilisation of resources. As for the depth criterion, the 
Figure 3-1: The process of specifying criteria from objective and conversion into requirements 
for product end-of-life planning. 
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corresponding requirement is for the method to model production systems from the 
bottom-up, allowing analysis of the subsystems processing the individual parts 
(components and modules) to the overall systems processing the products. The 
optimisation capability criterion converts into the requirement for the method to 
enable optimisation of product EoL plans through the determination of the best EoL 
options for the parts processed (by the subsystems) in the (closed-loop) production 
systems. 
In the robust product EoL plan category, the environmental consideration 
criterion converts into the requirement for the method to consider at least the global 
warming potential (GWP) or carbon footprint as an environmental indicator. On top 
of that, it must be considered with the economic indicator simultaneously in the 
determination of the optimal product EoL plan. For the economic consideration 
criterion, the corresponding requirement is for the method to take into account the 
cost elements related to operating and capital expenditures. The uncertainty 
consideration criterion converts into the requirement for the method to be able to 
consider uncertainty and provide a robust optimisation of product EoL plan. 
In the flexible method category, the implementation criterion converts into the 
requirement for the method to be implementable using off-the-shelf software 
packages without expert knowledge in programming required. This is to minimise the 
effort on the users’ part and lower the barrier to adoption of the method. As for the 
application criterion, the corresponding requirement is for the method to have no 
limitation on the type of products or industries it is applicable to. All the requirements 
for product EoL planning as explained are summarised in Table 3-1. 





3.2 Framework for Product End-of-Life Planning 
The decision-support model for product EoL planning is developed based on the 
requirements outlined in the previous section. The framework for this model is 
illustrated in Figure 3-2. In line with fulfilling the outlined requirements, this 
framework contains the methodical steps to construct the integrated life cycle model 
for a system under study from scratch. These steps include the capture of product 
structure information, identification of EoL options, mapping of integrated life cycle, 
modelling of integrated life cycle, simulation and analysis of integrated life cycle 
Table 3-1: Conversion from criteria to requirements for product end-of-life planning. 
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performance and optimisation of product EoL plan for closed-loop production. This 
section briefly introduces the methodical steps in the framework as a prologue to the 
details covered in the later chapters. 
 
Figure 3-2: Framework for product end-of-life planning. 




The first methodical step in the framework for product EoL is to capture the 
product structure information. This information describes the resource flows in a 
system under study based on the product structure or bill of materials (BOM). The 
purpose of capturing the information is to frame the boundaries of the system and its 
subsystems according to the breakdown of the individual parts in the product 
(processed by the system). This allows a bottom-up modelling of the system from the 
individual subsystems and thus, fulfils the depth requirement as outlined in the 
previous section. This methodical step is covered in detail in Section 4.1. 
The next methodical step in the framework is the identification of EoL options. 
This step identifies the different EoL options for each part in the product structure and 
based on that, derives the configurations of EoL product structure decompositions. It 
enables the optimisation of individual subsystems in a system under study through the 
selection of the best EoL options for the associated parts (processed by the 
subsystems). This is also the first part of the fulfilment of the optimisation capability 
requirement as outlined in the previous section. The details of this methodical step are 
covered in Section 4.2. 
After the product structure information has been captured and the EoL options 
identified, the mapping of the integrated life cycle is carried out. In this step, the life 
cycle processes that the product (or parts of it) has to go through in a system under 
study are mapped according to the parts in the product structure. This provides a 
visualisation of all the resource flows (including the closed-loops) to be modelled in 
the system, which are decomposed and isolated to simpler subsystems according to 
the product structure. In mapping the integrated life cycle, the span requirement as 
outlined in the previous section is fulfilled. The details are covered in Section 4.3. 
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Following the mapping of the integrated life cycle is the modelling of the 
integrated life cycle performance. Based on the integrated life cycle maps, this step in 
the framework builds up the economic performance of the system from the operating 
costs and capacity investments required at the individual subsystems, thus, fulfilling 
the economic consideration requirement as outlined in the previous section. The 
environmental performance of the system is built up from the carbon emissions 
generated by the life cycle processes at the individual subsystems. In doing this, this 
step in the framework fulfils in part, the environmental consideration requirement as 
outlined in the previous section. This methodical step is covered in detail in Section 
4.4. 
With the construction of the integrated life cycle model, the integrated life cycle 
performance of the system can be simulated and analysed, which incidentally, is the 
next methodical step in the framework. In this step, the economic performance and 
environmental performance of a system under study are also analysed as the eco-
efficiency performance. Monte Carlo Simulation is also incorporated into the model at 
this step to simulate the uncertainties that the system may be subjected to. In 
analysing the economic and environmental performance as eco-efficiency, this step in 
the framework completes the fulfilment of the environmental consideration 
requirement. The uncertainty consideration requirement is also partly fulfilled with 
the use of Monte Carlo Simulation to take into account uncertainties in the integrated 
life cycle simulation and analysis. The details are covered in Section 5.1. 
Finally, the last methodical step in the framework is the optimisation of the 
product EoL plan for closed-loop production. The optimisation is achieved by 
applying dynamic programming to the integrated life cycle model. Through this step, 




the optimal product EoL plan that is robust to dynamic and uncertain conditions can 
be determined, thus completing the fulfilment of the uncertainty consideration 
requirement. This methodical step is covered in detail in Section 5.1.2. 
The algorithms of the method developed for the modelling and optimisation 
steps in the framework are generically applicable to a wide range of product 
categories. Moreover, as will be demonstrated in Chapter 6, the method is 
implementable and usable without the need for expert knowledge or specialised 
software.  Therefore, these characteristics of the method fulfil the implementation and 
application requirements as outlined in the previous section. 
3.3 Summary 
A prelude to the work put into the development of the decision-support model 
for product end-of-life (EoL) planning was presented in this chapter. First, the criteria, 
which were specified for the evaluation of existing methods in the previous chapter, 
were converted into specific, unambiguous and verifiable requirements. It is based on 
these requirements that the concept for the decision-support model for product EoL 
planning was conceived. The framework for the model was described to briefly 
introduce the methodical steps in the framework and explain how they relate to the 
fulfilment of the requirements – which serves as the prologue to the detailed work to 
be covered in the following chapters. 
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Chapter 4: Development of Model 
for Product End-of-Life Planning 
In the previous chapter, the concept for the decision-support model for product 
end-of-life (EoL) planning was presented. The framework for the model was 
described and the methodical steps in the framework were introduced as the prologue 
to the details of the work that is about to be covered. In this chapter, the methodical 
steps to develop the model for product EoL planning – which are the first of two parts 
of the framework – are presented. These steps consist of the capture of product 
structure information, identification of EoL options, mapping of integrated life cycle 
and modelling of integrated life cycle performance. 
4.1 Capture of Product Structure Information 
The first step in the development of the model for product EoL planning is to 
capture the product structure information (Figure 4-1). This information helps to 
frame the boundaries of a system under study, and the subsystems within it, to be 
modelled and analysed. It also provides a description of the resource flows in the 
system. To be specific, the product structure information contains: 
 Product structure decomposition – the hierarchical relationships between the 
parts in the decomposed product structure. 
 Part ratios – the quantities of each part required to produce the final product in 
the mainstream production (MP) denoted by PRMP,i/j and the quantities of each 
part recovered from the product in the end-of-life (EoL) phase denoted by 
PREoL,i/j. The details of these parameters will become clearer as the development 
of the model progresses in this chapter. 





The product structure information can be captured from the bill of materials 
(BOM). The BOM contains the product structure decomposition and part ratios 
pertaining to the manufacture of the product in the mainstream production (MP) 
phase. The MP product structure decomposition provides an indication of which parts 
are manufactured in the system and which are procured from suppliers. In the generic 
example shown in Table 4-1, the MP product structure decomposition captured from 
the BOM indicates that Component A, Component B, Component C and Component 
D are procured from suppliers; while Module A, Module B and (the) Product are 
manufactured and assembled in the system. 
Figure 4-1: Scope of Section 4.1 – capture of product structure information. 




4.2 Identification of End-of-Life Options 
With the captured bills of material (BOM) information as the reference, the next 
step in the development of the model for product end-of-life (EoL) planning is the 
identification of the EoL options based on the product structure (Figure 4-2). In this 
step, the various configurations of the EoL product structure decompositions are 
derived for the different combinations of the EoL options identified. The outgoing 
fractions of each part flowing out of the EoL phase either from being disposed, sold, 
or reutilised in the mainstream production (MP) phase – depending on the EoL 
options identified – are also defined.  
Table 4-1: Product structure information captured from the bill of materials. 





It is worth pointing out that the EoL product structure decompositions are not 
necessarily identical to the MP product structure decomposition captured from the 
BOM. This is because the disassembly sequence of the product is not necessarily the 
reverse of its assembly (Kara et al., 2005). Depending on the target of recovery, parts 
that are originally assembled in the MP phase may be different, in terms of their 
physical constructs, from the final parts recovered from the product disassembly in 
the EoL phase. Ideally, the disassembly sequence is reflected in a corresponding 
disassembly bill of materials (DBOM). In the absence of the DBOM, the procedure to 
derive the various configurations of EoL product structure decompositions from the 
identifying the EoL options and capture the product structure information pertaining 
to the EoL phase is provided by a flowchart Figure 4-3.  
Figure 4-2: Scope of Section 4.2 – identification of end-of-life options. 




Figure 4-3: Flowchart for the capture of product structure information and identification of end-
of-life (EoL) options. 




Following the procedures in the flowchart, an example of the product structure 
information complete with identified EoL options is shown in Table 4-2. In this table, 
another noteworthy point is the duplication of parts (e.g. parts 6, 7 and 8) at the 
different subtrees. The reason for the duplication is to distinguish the different 
subsystem configurations that are possible for a part, which depending on the 
precedent decisions (EoL options selected for the ancestor parts), may affect the 
decision to select an EoL option for the part. For instance in the generic example, 
although EoL Option H (Closed-Loop Recycling) is shared by part 7 at the subtree of 
part 5 with EoL Option E and at the subtree of part 5.1 with EoL Option B, the EoL 
recovery capacity requirements for the latter may be lower. This is because a fraction 
of part 7 is already diverted when EoL option F (Reutilisation / Disassembly) for part 
5 is selected (precedent decision), thus reducing the volume of the subsequent 
Table 4-2: Product structure information with identified end-of-life options. 
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recovery of part 7. 
4.3 Mapping of Integrated Life Cycle 
With the product structure information captured and end-of-life (EoL) options 
identified, the next step is to map the integrated life cycle (Figure 4-4). The integrated 
life cycle refers to the connected stages throughout the entire product life cycle that a 
product (or parts of it) has to go through in the system under study. The concept here 
is to modularise the integrated life cycle to the individual parts based on the product 
structure and treat each part as a product with its own integrated life cycle [144-146]. 
In the context of modelling and analysing a production system, it enables the 
segmentation and breakdown of the system under study into simpler subsystems to be 
Figure 4-4: Scope of Section 4.3 – mapping of integrated life cycle. 




modelled. In addition, it also allows the isolation of the masses of intertwining loops 
(i.e. the closed-loop resource flows) which may be present within the system. To help 
visualise this concept, the life cycle processes that a product goes through in a system 
under study and the EoL option considered for the different parts is schematically 
mapped in the integrated life cycle map. 
The integrated life cycle map is a schematic representation of the system under 
study with EoL options identified for each part based on the product structure. It helps 
in the visualisation of the system boundaries, the interactions between the various life 
cycle stages of the product that takes place, and the different resource flows in the 
system. The map is generated through the superimposition of the parts in the product 
structure to the relevant life cycle stages in the mainstream production (MP) and EoL 
phases based on the product structure information. The life cycle stages in the MP 
phase include the: 
 Procurement stage – where parts are procured from the suppliers. The parts that 
are mapped to this stage represent materials, components and modules 
required, but not directly produced, by the system under study. 
 Manufacturing stage – where the manufacturing of components and the 
assembly of modules and the product take place. The parts that are mapped to 
this stage represent components, modules and of course, the product produced 
by the system under study.  
 Distribution stage – where the final product is packed and distributed to retailers 
or customers. The parts that are mapped to this stage represent components, 
modules and the product which are distributed for sale by the system under 
study. 
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 Usage or Service stage – where the final product is sold to the customer, used 
and serviced. The part that is mapped to this stage represents the product that 
is used and serviced during the warranty period. Although the disassembly and 
reassembly of the product may occur at this stage for the purpose of service 
and repair, these processes are not considered in this thesis yet. 
The life cycle stages in the EoL phase include the: 
 Collection stage – where the product at EoL is collected and returned to the 
system for processing. The parts that are mapped to this stage represent the 
product, modules and components which are returned at EoL into the system 
under study. 
 Processing stage – where the EoL product or parts are disassembled, separated 
and processed before the final disposition. The parts that are mapped to this 
stage represent the product, modules and components which after being 
returned at EoL, are processed (cleaned, inspected, disassembled, restored, 
shredded, etc.) in the system under study. 
 Disposition stage – where target parts recovered from the EoL product are in 
their final form for disposition. The parts that are mapped to this stage 
represent the used (EoL) product which may be sold to the aftermarket, and 
modules and components which may be directly reused as inputs in the system 
under study or forwarded to third-parties for sale, treatment or disposal. 
An example of an integrated life cycle map with nested subtrees representing the 
different EoL options is illustrated by Figure 4-5 and Figure 4-6. 




From the integrated life cycle map, the system can be segmented and 
decomposed into the corresponding parts (subsystems) based on the product structure. 
Each of these segmented parts can then be zoomed into on a submap to visually depict 
the subsystem to be modelled (submodel). Figure 4-7 and Figure 4-8 are illustrations 
of the submaps that have been segmented from the integrated life cycle map (Figure 
4-6 and Figure 4-7). 
  
Figure 4-5: Integrated life cycle map with the nested subtree of end-of-life option E for Part 5 of 
the generic example [145]. 







Figure 4-6: Integrated life cycle map with the nested subtree of end-of-life option F for Part 5 of 
the generic example [145]. 





Figure 4-7: Integrated life cycle submaps for parts 1 to 4 of the generic example [145]. 
 






Figure 4-8: Integrated life cycle submaps for parts 5 to 8 of the generic example [145]. 
  




4.4 Modelling of Integrated Life Cycle Performance 
For this thesis, the integrated life cycle performance of a system under study 
refers to the economic performance measured by the net present value (NPV) and 
environmental performance measured by the carbon footprint. These performance 
measurements can be simulated using the integrated life cycle model. Using the 
integrated life cycle map and submaps as visualisation, this section describes how the 
integrated life cycle model for the system under study is developed (Figure 4-9). 
In developing the model, there are two important interfacing parameters to be 
specified: the order volume and the recovery volume. These parameters are the 
influencing factors of capacity sizing for the system.  In the model, they define the 
Figure 4-9: Scope of Section 4.4 – modelling of integrated life cycle performance. 
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interfaces between the submodels and hierarchical relationships between the 
subsystems in the system. 
For the product (i.e. the root node of the product structure decompositions), the 
order volume is given by the discrete-time volume of the product to be produced 
based on sales demand projection; while the recovery volume is given by the discrete-
time volume of the used or end-of-life (EoL) product that is to be collected based on 
the product’s average market life. Figure 4-10 shows a generic plot (based on the S-
curve) for the order volume and recovery volume of a product. 
 
As for the rest of the modules and components (i.e. the intermediary and leaf 
nodes of the product structure decompositions), the order volume and recovery 
volume are described by 




tjti       (1) 





jitjti     (2) 
Figure 4-10: Generic plot for the product order volume and recovery volume. 




where i is the index number to identify the part representing the subsystem based on 
the product structure, j the index number to identify the parent parts of part i, y the 
index number to identify the EoL options for parent part j, t the point in time of the 
study period, and {root} the part index number in the product structure 
decompositions that represents the product. )(OV ti  is the order volume of part i at 
time t in the study period, 
)(RV ti  is the recovery volume of part i at time t in the study 
period and 
y
tj )(PV  is the production volume of parent part j with EoL option y 
selected. PRMP,i/j is the interfacing parameter that defines the quantity of part i 
required in the production of a unit quantity of its parent j in the mainstream 
production (MP) phase, 
y
ji /EoL,PR  the interfacing parameter that defines the quantity 
of part i that is recoverable from parent part j with EoL option y selected, and 
y
jEoL,OF  
the fraction of parent part j that flows out of (exits) the EoL phase at the disposition 
stage when EoL option y is selected for the parent part, either from being sold or 
reutilised “as is” in the system. 
For instance, using the generic example, given that the production volume at 
time period 9 for Component C (part 6) and Component D (part 8) is both 100,000 
units each when EoL option G (closed-loop reuse) is selected for the parts (i.e. 
units 000,100PVG )9(8  ); the recovery volume at time period 9 for Component C and 
Component D is both 50,000 units each (i.e. units 000,50RV )9(8  ); 5kg and 2kg of 
Material A (part 7) are required in the production of a unit of Component C and 
Component D respectively in the MP phase (i.e. kg5PR 8/MP,6   and kg2PR 8/MP,7 
); 4.5kg and 1.8kg of Material A is recoverable from Component C and Component D 
respectively when EoL option G is selected (i.e. kg5.4PR
G
8/EoL,6   and 
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kg8.1PRG 8/EoL,7  ); and 25% of Component C recovered and 30% of Component D 
recovered in the EoL phase are reused in a closed-loop when EoL option G is selected 
(i.e. 25.0OFG 6EoL,   and 3.0OF
G
8EoL,  ); the order volume and recovery volume at time 
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In a closed-loop production system, parts recovered in the EoL phase are put 
back into the MP as resources – replacing the virgin materials and resources. While 
the material and resource replacement in the MP phase depends on the volume of the 
product recovered in the EoL phase, the actual volume recoverable (at a given point in 
time) depends on the volume that is already in distribution and at their EoL (at that 
given point in time). This creates (closed-loop) interrelationships between the two life 
cycle phases in the closed-loop production system. In the integrated life cycle model, 
the production volume is the interface that defines these interrelationships in the 
closed-loop production system. Basically, the production volume is the actual amount 
of the part that must be produced in the MP after accounting for the reutilisation of the 



















ti     (3) 




where x the index number to identify the EoL option for part i, 
x
iEoL,OF  is the fraction 
of part i that flows out of (exits) the EoL phase at the disposition stage when EoL 
option x is selected, and loop}-{closed  the set of EoL options whereby part i in the 
EoL phase is reutilised “as is” in the MP phase of the system. 
For instance, continuing with the generic example, given that 100% of Material 
A recovered in the EoL phase is recycled in a closed-loop when EoL option H 
(closed-loop recycling) is selected (i.e. 1OFH 7EoL,  ); production volume at time period 










4.4.1 Development of Cost Model 
In this thesis, the economic performance of a production system is measured by 
the net present value (NPV). The higher the NPV, the better is the economic 
performance of the system. To simulate the NPV of a system under study, the cost 
submodels for the individual subsystems in the system are developed in equations (4) 






i EoL,MP,LC, NPVNPVNPV         (4) 
where LC refers to the integrated life cycle, and Phase the life cycle phase (MP or 
EoL). For both the MP and EoL phases, the NPV of a subsystem is calculated by the 
equation 














































































)(Phase,          (9) 
where TDR is the total discounted revenue, TDC the total discounted cost, 
x
i(Child), PhaseNPV  the NPV contribution from the child parts of part i consumed in or 
recovered from the subsystem (i.e. the nested subsystems) in the life cycle phase 
when EoL option x is selected for the part, T the length of the study period, and d the 
discount rate or minimum acceptable rate of return (MARR). 
x
ti )(Phase,DR  and 
x
ti )(Phase,DC  are respectively, the phase specific discounted revenue and discounted cost 
of the subsystem for part i when EoL option x is selected for the part at time t in the 
study period; while 
x
tiR )(Phase,  and 
x
tiC )(Phase,  are respectively, the phase specific non-
discounted revenue and non-discounted cost of the subsystem for part i when EoL 
option x is selected for the part at time t in the study period. 




 Mainstream Production Phase 4.4.1.1
In the MP phase, revenue is generated by a subsystem through the sale of the 
produced part at the distribution stage. This revenue is calculated as  
iti
x
tiR ,MP)()(,MP SPOV   (10) 
where 
i,MPSP  is the selling price of part i at the distribution stage. For instance, using 
the generic example, given that the order volume of Product (part 1) at time period 9 
is 500,000 units (i.e. units 000,500OV )9(1  ) and the selling price of Product at the 
distribution stage is S$2,000 per unit (i.e. 000,2$SSP 1,MP  ); the revenue generated 









The costs incurred by a subsystem in the MP phase are categorised according to 
the procurement, manufacturing, distribution and service (or use) stages as outlined in 










ti CCCCC )(,Service)(,onDistributi)(,ingManufactur)(,tProcuremen)(,MP   (11) 
The NPV contribution of the nested subsystems in the subsystem in the MP 
phase is given by 














i  (12) 













tii )(,Total, OVOV  (14) 
where {leaf}  represents the set of parts that are leaves in the product structure 
decompositions, k is the index number to identify the child parts of part i with EoL 
option x selected, z the index number to identify the EoL options for child part k, 
PRMP,k/i the quantity of child part k required in the production of a unit quantity of the 
parent i, 
x
iTotal,PV  the total actual production volume of part i when EoL option x is 
selected for the part over the entire study period, and iTotal,OV  the total order volume 
of part i when EoL option x is selected for the part over the entire study period. 
 End-of-Life Phase 4.4.1.2
In the EoL phase, revenue is generated by a subsystem through the sale of the 
recovered part at the disposition stage (e.g. sale to the aftermarket and third-party 






tiR ,EoLEoL,)()(,EoL SPOFRV   (15) 
where 
x
i,EoLSP  is the selling price of part i when EoL option x is selected for the part in 
the disposition stage. For instance, using the generic example, given that the recovery 
volume of Material A (part 7) at time period 9 is 231,750 kg (i.e. kg 750,231RV )9(7  ) 
and the selling price of Material A when EoL option D (scrap metal sale) is selected at 
the disposition stage is S$5 per kg (i.e. 5$SSP
D
7,EoL  ); the revenue generated from 

















The costs incurred by a subsystem in the EoL phase are categorised according to 
the collection, EoL processing and disposition stages as outlined in Section 4.3. This 








ti CCCC )(,nDispositio)(,Processing)(,Collection)(,EoL   (16) 
The NPV contribution of the nested subsystems in the subsystem in the EoL 





















tii )(,Total, RVRV  (18) 
where x ik /,EoLPR  is the quantity of child part k recoverable from the part i when EoL 
option x is selected for the part, and iTotal,RV  the total recovery volume of part i over 
the entire study period. 
 Variable and Fixed Costs 4.4.1.3
In existing models for product recovery systems, Ozdemir [32] found that one 
of their drawbacks is the assumption that facilities and equipment for product 
recovery are readily available and further investments in these capital assets are 
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unnecessary. This assumption is not made here. In this thesis, both the variable costs 
from operating a system and the fixed costs incurred by the capital investments (on 
equipment and facilities) are taken into account. The variable and fixed costs incurred 






tiC )(Stage,)(Stage,)(Stage, FCVC   (19) 
where Stage refers to the life cycle stages (procurement, manufacturing, distribution, 
service or use, collection, processing and disposition), VC the total variable cost, and 
FC the total fixed cost. 
Variable costs are costs that changes in proportion to the quantity of output 
generated by a system. In the MP phase, total variable cost incurred by a subsystem 
varies with the volume of the part to be produced, i.e. the actual production volume; 
while in the EoL phase, total variable cost incurred by the subsystem varies with the 
volume of the part to recovered, i.e. the recovery volume. Total variable costs 
incurred by a subsystem at the various life stages are calculated as 






ti PQ    (20) 






ti PQ    (21) 




ti PQ    (22) 









ti PQ   ,Collection)()(,Collection RVVC  (24) 















ti PQ   n,DispositioEoL,)()(n,Dispositio OFRVVC  (26) 
where v is the type of variable cost (material, labour, utilities, waste treatment and 
transportation), P the purchase price, and QStage,vi the quantity of v required to produce 
or process a unit of part i at the life cycle stage (Procurement, Manufacturing, 
Distribution, Service, Collection, Processing, and Disposition). 
Fixed costs are costs that are unaffected by changes in the quantity of output 
generated by a system. However, fixed costs can be influenced by the system’s 
planned capacity as it determines the capital outlay, which is a fixed cost required for 
financing long-term capacity investments or capital assets (e.g. equipment and 












































fi Total,Stage,Stage, UTUTRA   (29) 
where f is the type of capital asset, If the initial capital expenditure required for 
purchasing and installing asset f, QTotal,f the total quantity of asset f to meet capacity 
requirements, Pf the unit price for purchasing and installing asset f, Uf the useful life 
of asset f, and SVf the salvage value of asset f at the end of the study period. Here a 
Chapter 4: Development of Model for Product End-of-Life Planning 
 
78 
straight-line depreciation is assumed to calculate salvage value SVf if useful life is 
less than study period (Uf<T). 
x
fiStage,RA  is the percentage allocation of asset f 
(considered as a resource) at the life cycle stage to process part i when EoL option x is 
selected for the part. This parameter captures in the cost model, any capacity sharing 
between the subsystems and also across the various life cycle stages. 
x
fiStage,UT  is the 
utilisation time of asset f to process part i at the life cycle stage when EoL option x is 
selected for the part in the study period, UTTotal,f the total utilisation time of asset f in 
the study period, and 
x
ti )(Stage,OC  the other fixed costs (e.g. renovations and rental) at 
the life cycle stage required for the processing of part i when EoL option x is selected 
at time t. 
For instance, using the generic example, given that the unit price for purchasing 
and installing Equipment E (asset) to process Component D (part 8) at the processing 
stage is S$85,000 per unit (i.e. 000,85$SEEquipment P ), only one unit of the asset is 
required to meet capacity requirements (i.e. 1EEquipment Total, Q ), it has no salvage value 
at the end of its useful life (i.e. 0SV EEquipment  ), its useful life is equal to the study 
period (i.e. 10EEquipment  TU ), it is a shared resource with the utilisation time to 
process Component D at the processing stage at 2120 hours per year (i.e. 
hours 2120UT 8 E,Equipment  ,Processing 
G
), its total utilisation is 2,880 hours (i.e. 
EEquipment  Total,UT ), the other fixed costs is 10% on top of the total investment (i.e. 
  %10RAOC G E,8Equipment  ,ProcessingEEquipment )(8Stage,  Ix t ), and the discount rate is 8% (i.e. 
d = 8%); the total fixed cost at time period 0 incurred by the subsystem to process 
Component D at the processing stage is calculated as 
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4.4.2 Development of Carbon Footprint Model 
For this thesis, the environmental performance of a production system is 
measured by the global warming potential (GWP). More specifically, it is the carbon 
footprint or greenhouse gas (GHG) emissions intensity over the entire life cycle of the 
product produced by the system over the study period. It is measured in kg of carbon 
dioxide equivalent (kg-CO2-eq) – the lesser the better. To simulate the carbon 
footprint of the system, the carbon footprint submodels for the individual subsystems 
in the system are developed in equations (30) to (45). 
The formulations of the equations are based on ISO/TS 14067 [147], ISO 14040 
[116] and ISO 14044 [117] standards. To minimise the complexity of the scope of 
analysis, indirect carbon emissions, e.g. carbon emissions from the construction of the 
facilities and the manufacture of the equipment to produce or process the product in 
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the system, are not considered. In instances where a part is reutilised in a different 
product (i.e. open-loop), the choice of allocation method has been left to the discretion 
of the user of the model. However, like any life cycle assessment (LCA) studies, the 
assumptions should be explicitly stated. Illustrative examples of applying some of the 
allocation methods used for recycling scenarios are provided in ISO 14049 [148]. A 
descriptive overview and review of the different allocation methods that are 
commonly used in LCA and carbon footprint analysis can be found in the articles by 
Nicholson, et al. [149], Ligthart and Ansems [150] and Ekvall and Finnveden [118]. 
































)(Phase,Phase, CETCE  (33) 
where CF is the carbon footprint, 
x
iPhase,TCE  the total carbon emission from producing 
or processing part i in the life cycle phase when EoL option x is selected for the part, 
x
i(Child), PhaseCF  the carbon footprint contribution from the child parts of part i consumed 
in or recovered from the subsystem (i.e. the nested subsystems) in the life cycle phase 
when EoL option x is selected for the part, 
x
id,UncollecteCF  the carbon footprint 
contributed by the uncollected fraction of part i at EoL depending on the standard 




disposal scenario considered, and 
x
ti )(Phase,CE  the phase specific carbon emission 
generated by the subsystem from producing or processing part i when EoL option x is 
selected for the part at time t in the study period. 
 Mainstream Production 4.4.2.1
The carbon emission generated by a subsystem in the MP phase are categorised 
according to the procurement, manufacturing, distribution and service (or use) stages. 










ti )(,Service)(,onDistributi)(,ingManufactur)(,tProcuremen)(,MP CECECECECE   (34) 
The carbon emissions generated at each of the life cycle stages of the MP phase 
























ti Q EFOVCE Service,)(Service,    (38) 
where e is the type of carbon emissions contributor (material, utilities, waste 
treatment, and transportation) and EF the carbon emission factor. 
The carbon footprint contribution of the nested subsystems in the MP phase is 
given by 

















PVCF  (39) 
 End-of-Life Phase 4.4.2.2
The carbon emission generated by a subsystem in the EoL phase are categorised 








ti )(,nDispositio)(,Processing)(,Collection)(,EoL CECECECE   (40) 
The carbon emissions generated at each of the life cycle stages of the EoL phase 

















ti Q EFOFRVCE n,DispositioEoL,)()(n,Dispositio    (43) 
The carbon footprint contribution of the nested subsystems in the subsystem in 

















OF1RVCF  (44) 
Thus far, the calculation of the carbon emissions only takes into account the 
production of the product and EoL recovery of the used product. To obtain a holistic 
assessment of the carbon footprint of the product, the carbon emissions from the 
disposal of the uncollected fraction of the product in the EoL phase must also be taken 
into account. Assuming a standard disposal scenario, the calculation is given by 























i  (45) 
where iDisposal,EF  is the carbon emission factor from the standard disposal of the 
uncollected fraction of the product in the EoL phase. For instance, using the generic 
example, given that the total order volume and total recovery volume of Product over 
the study period is 3,750,000 units and 1,875,000 units respectively (i.e. 
3,750,000OV 1Total,   and 000,875,1RV 1Total,  ), and the carbon emissions factor from 
the standard disposal (incineration) of Product uncollected in the EoL phase is 1.25 
kg-CO2-eq per unit (i.e. eq-CO-kg 25.1EF 2Disposal,1  ); the carbon emissions from 
the disposal of the uncollected fraction of Product when EoL option B is selected in 










This chapter described the methodical steps to develop the model for product 
EoL planning – which is the first of two parts of the overall framework for product 
EoL planning described in the previous chapter. These steps consist of the capture of 
product structure information, identification of EoL options, mapping of integrated 
life cycle and modelling of integrated life cycle performance. For the capture of 
product structure information, a description of the product structure decomposition 
and part ratios pertaining to the manufacture of the product, which can be captured 
from the BOM, was provided. This was followed by the details on how the 
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identification of EoL options is done to derive the various configurations of the EoL 
product structure decompositions. With that, the mapping of the integrated life cycle 
was illustrated to show how the life cycle processes are mapped according to the parts 
in the product structure so that the resource flows including the closed-loops in a 
system under study can be decomposed into simpler subsystems to be modelled. 
Finally, the chapter is concluded with the modelling of the integrated life cycle 
performance in which the equations to construct the model were explicitly detailed. 
The subsequent and final methodical steps in the framework for product EoL planning 
will be explained in the chapter. 
  
85 
Chapter 5: Simulation and Analysis 
for Product End-of-Life Planning 
In the previous chapter, the in-depth details of the methodical steps to capture 
the product structure information, identify the end-of-life (EoL) options, map the 
integrated life cycle and model the integrated life cycle performance were described. 
As explained, these steps make up the first of two parts of the framework for product 
EoL planning. This chapter continues with the second and final part of the framework 
– which is the simulation and analysis for product EoL planning – by detailing the 
methodical steps to simulate and analyse the integrated life cycle performance, and 
finally based on the results, determine the optimal product EoL plan. 
5.1 Simulation and Analysis of Integrated Life Cycle 
Performance 
The integrated life cycle performance of a production system can be simulated 
using the integrated life cycle model developed in Chapter 4 (Figure 5-1). For this 
thesis, the integrated life cycle performance refers to the economic performance of a 
system under study, which is measured by the net present value (NPV), and the 
environmental performance, which is measured by the carbon footprint (kg-CO2-eq). 
The following sections describe the analysis of the NPV and carbon footprint of a 
system in terms of eco-efficiency, and the stochastic simulation of the system 
performance under (product recovery volume) uncertainty. 




5.1.1 Computation of Eco-Efficiency 
The simulated results for the economic performance and environmental 
performance can be combined into a single composite indicator known as eco- 
efficiency. It can be described as the amount of monetary value created for every unit 
of carbon footprint generated by a product or system. A more detailed explanation of 
the concept has been explained in Section 2.1. Based on the conventional method of 
eco-efficiency computation, the eco-efficiency for a system in the context of this 











Eco   (46) 
Figure 5-1: Scope of Section 5.1 – simulation and analysis of integrated life cycle performance. 




This ratio indicates that the higher the net present value (NPV) or the lower the 
carbon footprint, the more eco-efficient the system is. However, a problem arises 
when the NPV is negative, which is especially pertinent to systems whereby there is 
no revenue generation (only costs incurred). Taking two systems for instance: one 
with an NPV of -$10 million and carbon footprint of 10 kg-CO2-eq, and the other the 
same NPV of -$10 million but with a lower carbon footprint of 5 kg-CO2-eq. 
Logically from comparing the two systems, the second is more eco-efficient because 
at the same NPV, it generates half the carbon emissions of the first. But when 
comparing them using the eco-efficiency ratio in equation (46), the first system has an 
eco-efficiency of -1 which is higher than the eco-efficiency of the second system with 
-2. This is a pertinent problem in the selection of the best EoL options plan when both 
the economic and environmental performance must be considered. 
To solve the problem for the optimisation portion of the work in this thesis, a 
simple average method is used to measure the gain or loss in eco-efficiency from 
selecting an EoL option. With the assumption that the economic performance and 
environmental are of equal importance, this method evaluates an EoL option based on 
the balanced (average) increase/reduction between the NPV and carbon footprint 
relative to the base system (benchmark), which is a predetermined default EoL option 
configuration for the system under study. This means that every percentage point gain 
or reduction in NPV has the same weighting as the percentage point gain or reduction 
in carbon footprint benchmarked against the base system. The method is described by 
the eco-efficiency improvement indicator given by 










































































i  (47) 
where 
min
LC,NPV i  is the minimum or lowest net present value among the selectable EoL 
options for part i, 
base
LC,1NPV  the net present value of the base system, 
max
LC,CF i  the 
maximum or highest carbon footprint among the selectable EoL options for part i, and 
base
1LC,CF  the carbon footprint of the base system. A visualisation of equation (47) to 
illustrate this method is provided in Figure 5-2. 
5.1.2 Stochastic Simulation and Analysis 
A challenge of product EoL planning, especially in the context of closed-loop 
production, is the high degree of uncertainties involved [31]. An example is the 
uncertainty in product recovery volume due to random availability, timing and quality 
Figure 5-2: Illustration of the eco-efficiency improvement indicator used in the dynamic 
programming optimisation of the product EoL plan. (a) Eco-efficiency improvement of a system. 
(b) Eco-improvement of a subsystem. 




of the EoL product returns. To simulate the integrated life cycle performance of a 
system under such uncertainties, the Monte Carlo method is proposed for the work in 
this thesis. The Monte Carlo method can be described as a method that uses random 
numbers as a tool to compute or predict an outcome that is not random [151]. It relies 
on repeated random samplings, which typically are multiple one runs simulations, to 
obtain the distribution of an unknown probabilistic outcome. 
At this point, it is worth pointing out that the uncertainty modelling is not a 
major part of the work here. Therefore, the focus of this section is not on how 
uncertainties are modelled, but rather on how the effects of these uncertainties on the 
integrated life cycle performance of a system under study can be simulated and 
analysed so that a stochastic optimisation of the product EoL plan can be achieved. 
For this thesis, uncertainties are modelled based on historical and available market 
data. A generic example of uncertainty (product recovery volume) is presented in 
Figure 5-3. The sample size of Monte Carlo simulations can be approximated based 
on the number of random results that have to be simulated to achieve a (near) steady-
state mean of the integrated life cycle performance. This is illustrated by Figure 5-4. 
 
Figure 5-3: Generic example of uncertainty in product recovery volume. 
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 The results of the Monte Carlo simulation can be plotted on a cumulative 
distribution function (CDF) graph to be analysed as shown in Figure 5-5. For purpose 
of time-saving, a trial version of the RiskSim add-in for Microsoft Excel was used for 
the work in this thesis. The analysis provides three types of statistical values to 
describe the integrated life cycle performance of a system under uncertainty. These 
values are:  
Figure 5-4: Approximation of the sample size for Monte Carlo Simulation to achieve near steady-
state mean of integrated life cycle performance. 
Figure 5-5: Generic example of the cumulative distribution function plot of the Monte Carlo 
Simulation of the integrated life cycle performance under uncertainty generated from the 
RiskSim add-in for Microsoft Excel. 




 Mean – the average or expected integrated life cycle performance of a system 
under product recovery volume. The mean NPV and mean carbon footprint are 
denoted by 
x
iLC,NPV  and 
x
iLC,CF respectively. 
 90th percentile (P90) – the value below which 90% of the simulated random 
results fall in. It is also known as the value at gain. The P90 NPV and P90 
carbon footprint are denoted by )NPV( P90 LC,
x
i  and )CF( P90 LC,
x
i  respectively. 
 10th percentile (P10) – the value below which 10% of the simulated random 
results fall in. It is also known as the value at risk. The P10 NPV and P10 
carbon footprint are denoted by )NPV( P10 LC,
x
i  and )CF( P10 LC,
x
i  respectively. 
Later in Section 5.2.2, a description on how the mean, P90 and P10 values are 
used in the stochastic optimisation of product EoL plan is provided in further details. 
5.2 Optimisation of Product End-of-Life Plan 
This section explains how the integrated life cycle model is used to optimise and 
generate product end-of-life plans for a system under study (Figure 5-6). As explained 
in Section 4.4, the integrated life cycle model of a system under study is developed by 
breaking down the system into simpler subsystems to be modelled.  An advantage of 
doing that is the streamlining of the process of modelling the system. Another 
advantage is that because it is essentially built up from the individual models of the 
subsystems (submodels), the architecture of the model allows the determination of the 
optimal EoL plan through a seamless application of dynamic programming (DP). This 
allows the problems of repetitions found in recursion and brute force methods to be 
avoided. In other words, by applying DP on the integrated life cycle model, the 
optimal product end-of-life (EoL) plan can be determined through a bottom-up 
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selection of the EoL option for each part based on the product structure. The 
optimisation of product EoL plan is further explained in the following sections. For a 
comprehensive understanding of the DP concept and its advantages over recursion 
Figure 5-6: Scope of Section 5.2 – product end-of-life planning  




and brute force methods, the book chapter by Dasgupta, et al. [152] and lecture notes 
by Erickson [153] on the topic are recommended reference materials. 
5.2.1 Deterministic Optimisation 
Ultimately, the goal of product EoL planning is to determine the optimal EoL 
plan – the configuration of EoL options of the parts based on the product structure – 
that maximises the profitability (i.e. net present value, NPV) while minimising the 
environmental impact (i.e. carbon footprint) of a production system. The following 
section describe how the DP approach is applied to the integrated life cycle model, 
which was developed in Section 4.4, to enable the deterministic optimisation of the 
product EoL plan. 
In the context of this thesis, the optimal economic performance is when the 
NPV of the system is at the maximum. Applying DP to the integrated life cycle 
model, the maximum NPV and the EoL option that maximises the NPV of a system 












ix LC,0 NPVmaxarg)(   (49) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
NPV. 
For instance, using the generic example from the previous chapter, given that 
the total production volume for Product (part 1) is 750,000 units when EoL option A 





=750,000), the total recovery volume for Product (part 1) is 375,000 units when EoL 
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option B is selected (i.e. Total,1RV = 350,000), there is no outgoing fraction of Product 




1EoL,OF =0), the 
total discounted revenue generated by the subsystem for Product in the MP phase is 





S$6,000 million), the total discounted cost incurred by the subsystem for Product in 




1MP,TDC = S$1,500 million), there is no revenue generated by the subsystem for 




1MP,TDR = 0), the total discounted cost incurred by the subsystem for Product is 
S$500 million when EoL option B selected (i.e. 
B
1EoL,TDC = S$500 million), one unit 
each of Module A (part 2) and Module B (part 5) is needed to produce Product in the 
MP phase (i.e. 1/2,MPPR = 1/5,MPPR = 1), one unit each of Module A and Module B is 




1/5,EoLPR = 1), the total order volume of Module A and Module B are 
750,000 units each (i.e. Total,2OV = Total,5OV = 750,000), and the total recovery volume 
of Module A and Module B are 375,000 units each (i.e. Total,2RV = Total,5RV = 375,000); 
the maximum NPV of the system for Product is calculated as 
 BLC,1A 1LC,LC,1maxLC,1 NPVNPVmaxNPVNPV 0  x  
Expanding the equation and substituting in the equations from Section 4.4: 






























































































































































































































To solve the equation, the maximum NPV of the child parts of Product must be 
determined first. And in determining them, the maximum NPV of the child parts of 
the child parts of Product must similarly be determined, hence the recursive solving of 
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the DP equation. Assuming that the maximum NPVs of the child parts of Product 
have been determined as 
million 750,1$SNPVNPV 2MP,2LC,   


























































In the context of this thesis, the optimal environmental performance is when the 
carbon footprint of the system is at the minimum. Applying DP to the integrated life 
cycle model, the minimum carbon footprint and the EoL option that minimises the 

















ix LC,0 CFminarg)(   (51) 
where )(0 ix  here is the selected EoL option for part i that minimises the system’s 
carbon footprint. 
For instance, continuing from the earlier generic example, given that the total 
carbon emission generated by the subsystem producing Product in the MP phase is 55 




1MP,TCE = 55 
million kg-CO2-eq), and the total carbon emission generated by the subsystem 
processing Product in the EoL phase is 10 million kg-CO2-eq when EoL option B 
selected (i.e. 
B
1EoL,TCE = 10 million kg-CO2-eq); the minimum carbon footprint of the 
system for Product is calculated as 
 BLC,1A 1LC,LC,1minLC,1 CFCFmaxCFCF 0  x  
Expanding the equation and substituting in the equations from Section 4.4: 








































































































































































































To solve the equation, the minimum carbon footprint of the child parts of Product 
must be determined first. And in determining them, the minimum carbon footprint of 
the child parts of the child parts of Product must similarly be determined, hence again, 
the recursive solving of the DP equation. Assuming that the minimum carbon 
footprints of the child parts of Product have been determined as 
eq-CO-kgmillion  115CFCF 22MP,2LC,   
eq-CO-kgmillion  160CFCF 25MP,5LC,   




































































As explained in Section 5.1.1, the economic and environmental indicators (i.e. 
NPV and carbon footprint) can be combined and simultaneously analysed as a single 
composite indicator known as eco-efficiency improvement. Since the goal of product 
EoL planning is to maximise profitability while minimising environmental impact, 
then based on equations (47) the objective function is to maximise eco-efficiency 
improvement. Therefore, the maximum eco-efficiency improvement and the EoL 
option that maximises the eco-efficiency improvement of a system and its subsystems 
are determined by recursively solving 



























































































ix LC,0 EEImaxarg)(   (53) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
eco-efficiency. 
For instance, continuing from the earlier generic example, taking the no 
recovery scenario (Product with EoL option A selected) as the base system and 
assuming that the EoL options configuration for the child parts, the child of the child 
parts, etc. are the same for eco-efficiency improvement, the maximum eco-efficiency 

















































































































































Through equations (48) to (53), the optimal deterministic product EoL plan can 
be generated. The plan specifies the best EoL option for each part in the product 
structure depending on the objective function (economic, environmental or eco-
efficiency improvement). A generic example of the deterministic product EoL plans is 
illustrated in Table 5-1. In this example, the different product EoL plans illustrate that 
the EoL options configuration for a product may not be identical and is dependent on 
the objective function of the optimisation. 
 
Even though the optimality of an EoL plan is specific to a deterministic 
scenario, the beauty of the integrated life cycle model is that it allows the sensitivity 
of this optimality to changes in the inputs (uncertainties) to be investigated. This 
optimality analysis can be visualised in a chart like the one shown in Table 5-2. In this 
Table 5-1: Deterministic product end-of-life plans for optimising the production system for 
economic performance, environmental performance and eco-efficiency improvement. 
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chart, the change in the optimality of the product EoL plan due to deviation from 
projected recovery volume is investigated. The chart helps system engineers 
understand the effects of an (uncertain) input on the optimality of the product EoL  
plan and support them in determining the best EoL plan to pursue given a range of the 
(uncertain) input, depending on the objective function (economic, environmental or 
eco-efficiency improvement). 
 
5.2.2 Stochastic Optimisation 
In the previous section, the deterministic optimisation of the product EoL plan is 
based on the assumption that average conditions are most likely to occur. However, 
due to human’s ability – or lack of it – to forecast future events, assuming that the 
average conditions will occur may be unrealistic. Therefore, in this section, 
uncertainties are taken into account in the determination of the optimal product EoL 
plans so that closed-loop production systems designed based on these plans are robust 
to changes in dynamic and unpredictable conditions.  
In order to take into account uncertainties, the Monte Carlo method as explained 
in Section 5.1.2 is applied.  From the analysis of the simulation results, which the 
Table 5-2: Optimality analysis of product end-of-life plan with respect to changes in product 
recovery volume. 






 percentile (P90) and 10
th
 percentile (P10) values of the integrated life cycle 
performance are obtained, three different types of approach to product EoL planning 
can be adopted. These approaches, which correspond to the risk attitude of the 
decision-maker(s), are neutral, optimistic and conservative.  
For the neutral approach, the optimal product EoL plan is determined based on 
the average or expected results of the probable outcome under uncertainty. The 
maximum mean NPV and the EoL option that maximises the mean NPV of a system 














ix LC,0 NPVmaxarg)(   (55) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
mean NPV. The maximum mean carbon footprint and the EoL option that minimises 
the mean carbon footprint of a system and its subsystems under uncertainty are 













ix LC,0 CFmaxarg)(   (57) 
where )(0 ix  here is the selected EoL option for part i that minimises the system’s 
mean carbon footprint. The maximum mean eco-efficiency improvement and the EoL 
Chapter 5: Simulation and Analysis for Product End-of-Life Planning 
 
104 
option that maximises the mean eco-efficiency improvement of a system and its 





























































































ix LC,0 EEImaxarg)(   (59) 
where )(0 ix  here is the selected EoL option for part i that maximises the system mean 
eco-efficiency improvement. 
For the optimistic approach, the optimal product EoL plan is determined based 
on a positive outlook towards capitalising on the upsides (value at gain) of 
uncertainty. The maximum value at gain (P90) NPV and the EoL option that 
maximises the value at gain NPV of a system and its subsystems under uncertainty are 
determined by recursively solving the equations 















where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
value at gain NPV. The maximum value at gain (P90) carbon footprint and the EoL 




option that minimises the value at gain carbon footprint of a system and its 
subsystems under uncertainty are determined by recursively solving the equations 












ix   (63) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
value at gain carbon footprint. The maximum value at gain (P90) eco-efficiency 
improvement and the EoL option that maximises the value at gain eco-efficiency 































































































ix   (65) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
value at gain eco-efficiency improvement. 
And lastly, for the conservative approach, the optimal product EoL plan is 
determined based on a risk aversion towards the downsides (value at risk) of 
uncertainty. The maximum value at risk (P10) NPV and the EoL option that 
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maximises the value at risk NPV of a system and its subsystems under uncertainty are 
determined by recursively solving the equations 












ix   (67) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
value at risk NPV. The maximum value at risk (P10) carbon footprint and the EoL 
option that minimises the value at risk carbon footprint of a system and its subsystems 
under uncertainty are determined by recursively solving 












ix   (69) 
where )(0 ix  here is the selected EoL option for part i that minimises the system’s 
value at risk NPV. The maximum value at risk (P10) eco-efficiency improvement and 
the EoL option that maximises the value at risk eco-efficiency of a system and its 


































































































ix   (71) 
where )(0 ix  here is the selected EoL option for part i that maximises the system’s 
value at risk eco-efficiency. 
Through equations (53) to (71), the optimal deterministic product EoL plan can 
be generated. The plan specifies the best EoL option for each part in the product 
structure depending on the risk attitude or approach taken (neutral, optimistic and 
conservative). A generic example of the optimal product EoL plans obtained for the 
neutral, optimistic and conservative approaches can be summarised in Table 5-3. In 
this example, the different product EoL plans illustrate that optimal EoL options 




Continuing from the previous chapter, this chapter presented the second and 
final part of the overall framework for product EoL planning. In this part of the 
framework, the methodical steps to simulate the integrated life cycle performance 
Table 5-3: Stochastic optimal product end-of-life plans for the conservative, neutral or optimistic 
approaches to product end-of-life planning. 
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(using the developed model as detailed in the previous chapter) and analyse the eco-
efficiency improvement of a system under study were detailed. In addition, an 
explanation of how uncertainty can be considered by using the Monte Carlo method 
in the study was provided. Finally, the chapter ended with the optimisation of the 
product EoL plan for closed-loop production in which the DP algorithms to optimise 
the product EoL plan (for robustness under uncertainty) were explicitly detailed.
  
109 
Chapter 6: Implementation of 
System 
In the preceding chapters, the framework of the decision-support model for 
product end-of-life (EoL) planning was established. Within this framework, the 
methodical steps to develop the decision-support model were also detailed. With that, 
this chapter consolidates the work in this thesis by demonstrating how the whole 
concept, method and decision-support model can be implemented as a software tool 
using Microsoft Excel. 
6.1 Architecture of Software Tool 
As mentioned previously, the final intention of developing a method is to 
provide a solution for the user. Ideally, this solution is provided through an 
implementation of the method in a software tool without the need for specialised 
software (which are usually expensive) or expert knowledge in software computer 
programming. In this section, the generic architecture of the decision-support model 
for product end-of-life (EoL) planning implemented as a software tool is presented 
(Figure 6-1). 
The architecture of the software tool is divided into three layers: data layer, 
logic layer and presentation layer. The data layer contains the product structure 
information, cost data and carbon emission data. It is the static database of 
information required as the inputs to the integrated life cycle model in the logic layer. 
The logic layer is where the integrated life cycle model resides. It contains the 
algorithms for processing the inputs from both the data layer and the presentation 
layer (user interface) into the results, which are then sent to the presentation layer for 
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interpretation. The presentation layer is where the user interface is provided for data 
entry (input) for the integrated life cycle model, such as the data points for the product 
order volume and recovery volume. It also provides the summary and visualisations 
of the results computed by the model in the logic layer. The layer-by-layer 
implementation of the model is explained in the next section. 
6.2 Prototype of Software Tool 
To demonstrate the implementation of the method, a prototype of the decision-
support model for product end-of-life (EoL) planning is presented in this section. This 
prototype is built using Microsoft Excel. With the built-in formulas and functions for 
Figure 6-1: Software architecture of decision-support model for product end-of-life planning. 




simulation, data processing and visualisation, Excel offers a simple platform for 
implementing a “quick-and-dirty” prototype of the model for application purposes. 
The layer-by-layer implementation of the model is presented in the following 
sections. 
6.2.1 Data Layer 
The database of variables and parameters required as the inputs to the integrated 
life cycle model is stored in the data layer. This database includes the captured 
product structure information (as described in Section 4.1), the identified EoL options 
(as described in Section 4.2), and the cost and carbon emission data (which are inputs 
for the integrated life cycle model as described in Section 4.4). 
In the prototype tool, the product structure information and identified EoL 
options are captured in a designated datasheet in the Excel tool for the data layer as 
shown in the screenshot in Figure 6-2. The screenshot also shows how the information 
and product structure tree can be formatted in the Excel tool. Similarly, the cost data 
Product structure information 
  
 
Identified EoL options 
  
Figure 6-2: Product structure information captured in the data layer of the Excel tool. 
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and carbon emission data are also stored in their designated datasheets in the Excel 
tool for the data layer. Figure 6-3 shows the cost parameters, data for variable costs 
and data for fixed costs stored in the designated datasheet for the cost data. Figure 6-4 
shows the carbon emission factors stored in the designated datasheet for the carbon 
emission data. 
 
List of variable costs for 
system under study 
  
Cost parameters   
List of fixed costs for 
system under study 
  
Figure 6-3: Cost data stored in the data layer of the Excel tool. 





6.2.2 Logic Layer 
The algorithms for the integrated life cycle model (as described in Section 4.4) 
and the dynamic  programming (DP) (as described in Section 5.2) to determine the 
optimal product EoL plans are programmed in the logic layer. It contains a data-logic 
interface that pre-processes the variables and parameters stored in the data layer and 
user inputs from the presentation layer for the integrated life cycle model. The model 
then converts these inputs into meaningful (results) outputs that are interpreted in the 
presentation layer. The data-logic interface programmed for a submodel together with 
its visualised integrated life cycle submap and the output (statistical results) from the 
Monte Carlo simulation for the submodel in the Excel tool is shown in Figure 6-5. 
The cost component of the integrated life cycle model (i.e. cost model), 
programmed as a discounted cash-flow model, and the carbon footprint model are 
shown in Figure 6-6. Monte Carlo simulation for the stochastic optimisation of the 
product EoL plans (as described in Section 5.3) are carried out using data tables in 
List of carbon emission factors 
for system under study 
 
Figure 6-4: Carbon emission data stored in the data layer of the Excel tool. 









































































































































































































































Microsoft Excel and can be plotted on a cumulative distribution function (CDF) 
graph. An illustration of the CDF plot and statistical analysis of the Monte Carlo 





Cost model (discounted cash-flow analysis) 
Carbon footprint model 
Figure 6-6: Integrated life cycle (cost and carbon footprint) model programmed in the Excel tool. 




6.2.3 Presentation Layer 
Basically, the presentation layer provides the user interface whereby data (user 
input) is entered for the integrated life cycle model, such as the data points for the 
product order volume and recovery volume, and the summary and visualisation of the 
results computed by the model in the logic layer. Figure 6-8 is the user interface 
implemented for data entry of certain parameters (which are to be analysed further in 
a study) with a graphical visualisation of the data points for the product order volume 
and product recovery volume in the Excel tool. Figure 6-9 is the user interface 
implemented for the summary and visualisation of the deterministic product EoL 
plans. Figure 6-10 is the implementation of the optimality analysis for the 
deterministic product EoL plan in the Excel tool. Figure 6-11 is the user interface 





Data table for Monte 
Carlo Simulation 
Statistical results of 
Monte Carlo Simulation 
DCF plot 
Percentile ranking for 
DCF plot 
Figure 6-7: Data table and cumulative distribution function plot of the Monte Carlo Simulation 
for the stochastic optimisation of product end-of-life plans in the Excel tool. 






Figure 6-8: Data entry (user input) for integrated life cycle model in the Excel tool. 
  
Graphical visualisation of the product order 
volume and product recovery volume 
  
  
Data entry for parameters to be studied 
Data points for product 
order volume and product 
recovery volume 
Figure 6-9: Summary and visualisation of the deterministic product end-of-life plans in the Excel 
tool. 






In this chapter, a consolidation of the work done in this thesis is provided with a 
demonstration of how the decision-support model for product end-of-life (EoL) 
planning can be implemented as a software tool. First, a generic architecture of the 
model implemented as a software tool was presented. Subsequently, Microsoft Excel 
was used as the platform to implement a “quick-and-dirty” prototype of the model as 
Figure 6-10: Implementation of the optimality analysis in the Excel tool. 
Figure 6-11: Summary and visualisation of the stochastic product end-of-life plans in the Excel 
tool. 




a software tool. Finally, screenshots of the data layer (product structure information, 
cost data and carbon emission data), logic layer (data-logic interface and the 
integrated life cycle model) and presentation layer (user interface for user input, 
results interpretation and visualisation) in the architecture of the software tool were 
presented to demonstrate how the model is implemented in the Excel tool. 
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Chapter 7: Case Studies 
The preceding chapters have detailed the work and methodical steps to develop 
and implement the decision-support model for product end-of-life planning. In this 
chapter, the model is applied on two case studies. First, a turbocharger is used to 
demonstrate the applicability of the decision-support model for product EoL planning 
to mechanical and industrial products. Second, a flat-panel display (FPD) monitor is 
used to demonstrate the applicability of the concept to consumer electronic products. 
The two different types of products are deliberately chosen to validate the 
applicability and show the flexibility of the concept’s application. 
7.1 Turbocharger Case Study 
For the first case study, a marine turbocharger (Figure 7-1) is used to 
demonstrate the application of the model for product EoL planning in the mechanical 
and industrial product category. In this case study, the context is localised to 
Singapore, i.e. costs of facility (building and rental space), equipment, utilities 
(electricity water and gas) and labour are based on the local Singapore market rate. 
The cost data for the turbocharger are estimated based on quotations and catalogues 
from component and equipment suppliers, and available literature [93, 154, 155]. 
Emission factors for energy consumption is based on data from the clean development 
mechanism (CDM) projects in Singapore [156]. Other carbon emissions data are 
referenced from the 2006 IPCC Guidelines for National  Greenhouse Gas Inventories 
[157] and the ecoinvent database [158]. 





For the allocation of carbon footprint, the avoided burden approach is used 
when the product or part is reused, remanufactured or recycled into its primary form 
in an open-loop manner. The cut-off allocation method is used when the product or 
part is recycled into a secondary product system (e.g. third-party recycling of scrap 
metal). This means that the environmental burden of a part that is sold as scrap 
material at EoL is imparted onto the product system the part is recycled into [118, 
149]. Unless otherwise stated, the default waste treatment for municipal solid waste 
(MSW) is incineration. 
7.1.1 Developing the Model for End-of-Life Planning of the 
Turbocharger 
The integrated life cycle model for the turbocharger case study is developed 
following the methodical steps in the framework presented in Chapter 4. Following 
the methodical steps in Section 4.1 and Section 4.2, the product structure information 
of the turbocharger and EoL options identified for its parts as captured in the 
Figure 7-1: Parts and workings of a typical marine turbocharger [153]. 
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Microsoft Excel model are shown in Table 7-1. This table provides the product 
structure decomposition of the turbocharger, which describes the hierarchical 
relationship between the parts in the product system, and specifies the EoL options 
that are available (or considered) for each part in the case study. 
With the captured product structure information and identified EoL options, the 
integrated life cycle of the turbocharger is mapped following the methodical steps in 
Section 4.3 as presented in Figure 7-2 and Figure 7-3. These figures of the integrated 
life cycle map visualise the system boundary of the turbocharger case study and the 
resource flows in the system. Based on the integrated life cycle map, the system is 
segmented and decomposed into the subsystems by treating each part as a product 
with its own integrated life cycle. The subsystems are visualised in the submaps as 
shown in Figure 7-4 to Figure 7-8. These submaps are used as the visual guides in the 
modelling of the integrated life cycle of the turbocharger, which follows the 
methodical steps described in Section 4.4, i.e. equations (1) to (45). The model is 
implemented in Microsoft Excel according to the architecture as explained and 
illustrated in Chapter 6. 





Table 7-1: Product structure information of the turbocharger captured with end-of-life options 
identified in the Microsoft Excel model. 




Figure 7-2: Integrated life cycle map for the turbocharger case study (Part I of II). 





Figure 7-3: Integrated life cycle map for the turbocharger case study (Part II of II). 





Figure 7-4: Integrated life cycle submaps for the turbocharger case study (Part I of V). 





Figure 7-5: Integrated life cycle submaps for the turbocharger case study (Part II of V). 






Figure 7-6: Integrated life cycle submaps for the turbocharger case study (Part III of V). 







Figure 7-7: Integrated life cycle submaps for the turbocharger case study (Part IV of V). 




7.1.2 Simulating and Analysing the Results for End-of-Life Planning 
of the Turbocharger 
For the turbocharger case study, a study period of 10 years and a discount rate 
of 8% are used. The integrated life cycle system for the turbocharger is modelled with 
the assumption that the system must be able to produce enough turbochargers to meet 
the maximum product order volume projection of 24,000 units and process used 
turbochargers (returned cores) at a maximum capacity of 12,000 units. Projections of 
the product order volume and recovery volume for the turbocharger are assumed to 
Figure 7-8: Integrated life cycle submaps for the turbocharger case study (Part V of V). 




follow the S-curve as shown in Figure 7-9. The actual data points are found in Table 
A-1 in Appendix A. 
For the base system, a production system without EoL recovery is considered 
(i.e. part 1 with option A). Key parameters and other assumptions made for the case 
study are summarised in Table 7-2. The complete set of cost and carbon emission 
data, captured in the Excel model, are found in Table A-2 and Table A-3 respectively 
in Appendix A. 
 
 
Figure 7-9: Projections of the product order volume and recovery volume for the turbocharger 
case study. 
Table 7-2: Keys parameters and assumptions for the turbocharger case study. 
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 Results of the Deterministic Optimisation of the Turbocharger End-of-7.1.2.1
Life Plan 
Using the integrated life cycle model and applying the dynamic programming 
(DP) algorithm as described in Section 5.2.1, three sets of deterministic EoL plans for 
the turbocharger were generated: one set to optimise the production system for 
economic performance, another for environmental performance and the last one for 
eco-efficiency improvement. They are presented in Table 7-3 for comparison. As 
shown, the product EoL plans for the three optimisation settings generated are 
different. The results (NPV, carbon footprint and eco-efficiency improvement) of 
these plans show that each corresponds to the objective function it has been set out to 
fulfill. 
In order to maximise the profitability of the closed-loop production of the 
turbocharger, the optimal (economic) product EoL plan indicates that the system 
should be configured for full disassembly of returned cores. However, most of the 
remanufacturing operations should be outsourced to the third-party operator 
(remanufacturer), i.e. the restoration of compressor housing (part 2), manifold (part 
6), turbine wheel (part10), shaft (part 13) and turbine housing (part 14). This means 
that under the conditions simulated by the integrated life cycle model, the financial 
returns from the capital investment to run the remanufacturing operations for these 
parts in-house cannot be justified. Only the restoration of the compressor wheel (part 
8) should be done in-house. Compressor wheels that cannot be restored should be put 
back into the mainstream production (MP) through closed-loop recycling of the 
aluminium material (part 4). By default, the bearings assembly (part 12) recovered 
from the disassembly process are sold as scrap metal as this is the only EoL option 
considered for the part (refer to Table 7-1). Similarly, the only EoL option identified 
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for the shaft (part 13) is to outsource the remanufacture of the part to the third-party 
operator and gaskets (part 16) are parts that must always be replaced. 
With the economic product EoL plan, the closed-loop production system is 
estimated to yield a net present value (NPV) of approximately S$52.3 million, a 
14.19% increase from the base system over the 10-year study period – the best among 
the set of product EoL plans. The system is also estimated to emit lower carbon 
emissions at approximately 164.5 million kg-CO2-eq, a 30.05% reduction over the 10-
year study period. These numbers equate to an eco-efficiency improvement (average 
percentage gain in economic and environmental performance) of 22.12% 
benchmarked against the base system. 
For minimising the environmental impact from the closed-loop production of 
the turbocharger, the optimal (environmental) product EoL plan indicates that the 
system should be configured for an almost completely in-house recovery of the 
returned core. This is unsurprising because by having full control of the recovery 
operations, parts that cannot be reused or restored can still be put back into the MP 
through closed-loop material recycling. Besides the bearings assembly (part 12) 
which should sold for scrap metal recycling, the shaft (part 13) which the restoration 
process should be outsourced, and the gaskets which must be replaced, the restoration 
of compressor housing (part 2), manifold (part 6), turbine wheel (part 10), shaft (part 
13) and turbine housing (part 14) should all be done in-house. Compressor housings 
and wheels that cannot be restored should be put back into the MP through closed-
loop recycling of aluminium (part 4). Similarly, manifolds, turbine wheels and turbine 
housings that cannot be restored should be put back into the MP through closed-loop 
recycling of steel (part 17). 




With the environmental product EoL plan, the closed-loop production system is 
estimated to yield a NPV of approximately S$49.4 million, a 7.81% increase from the 
base system over the 10-year study period. The system also estimated to emit lower 
carbon emissions at approximately 154.9 million kg-CO2-eq, a 34.14% reduction over 
the 10-year study period – the best among the product EoL plans. These numbers 
equate to an eco-efficiency improvement (average percentage gain in economic and 
environmental) of 20.97% benchmarked against the base system. 
To strike a balance between improving the economic and environmental 
performance, the optimal (eco-efficiency) product EoL plan indicates that the 
turbocharger production system should be configured for full disassembly of returned 
cores. Apart from the manifold (part 6) and compressor wheel (part 8), the other 
remanufacturing operations should be outsourced to the third-party operator 
(remanufacturer), i.e. the restoration of compressor housing (part 2), turbine wheel 
(part10), shaft (part 13) and turbine housing (part 14). Compressor wheels that cannot 
be restored are put back into the mainstream production (MP) through closed-loop 
recycling of aluminium (part 4). Similarly, manifolds that cannot be restored are put 
back into the MP through closed-loop recycling of steel (part 17). The bearings 
assembly (part 12) is by default should be sold as scrap metal, the restoration of the 
shaft (part 13) outsourced to the third-party operator and gaskets (part 16) replaced. 
With the eco-efficiency product EoL plan, the closed-loop production system is 
estimated to yield a NPV of approximately S$52.2 million, a 13.95% increase from 
the base system over the 10-year study period. The system is also estimated to emit 
lower carbon emissions at approximately 162.4 million kg-CO2-eq, a 30.95% 
reduction over the 10-year study period. These numbers equate to an eco-efficiency 
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improvement (average percentage gain in economic and environmental performance) 
of 22.45% – the best among the product EoL plans benchmarked against the base 
system. (Note: In order to maintain conciseness and avoid repetitive work, only the 
eco-efficiency balance product EoL plan is considered in the following sections). 
 Sensitivity Analysis and Optimality Analysis of the Deterministic 7.1.2.2
Product End-of-Life Plan for the Turbocharger 
A beauty of the integrated life cycle model is in its ability to simulate the 
changes in system performance according to the changes in the input. This allows 
system engineers to study the sensitivity and optimality of a product EoL plan to 
different sources of uncertainty in the inputs. For the turbocharger case study, three 
sources of uncertainty were selected for investigation: 1) the product recovery volume 
(base ±40%), 2) core deposit price (S$400 ±S$100), and 3) EoL carbon emissions 
from uncollected core (-71.5806 ±79.4464 kg-CO2-eq). The sensitivity analysis of the 
deterministic product EoL plan for the most eco-efficiently balanced closed-loop 
production of the turbocharger is illustrated by the tornado diagram in Figure 7-10. 
From the tornado diagram, it is obvious that the eco-efficiency product EoL 
plan is most sensitive to changes in product recovery volume with a swing (range 
between maximum and minimum values) of 12.6 percentage points. This followed by 
the core deposit price with a swing of 6.13 percentage points. The variation in EoL 
carbon emissions from uncollected core has the lowest impact on the product EoL 
plan with a swing of only 0.93 percentage points. With this insight, the uncertainty in 
product recovery volume will be the subject of further investigation. 





Using the integrated life cycle model, the change in the optimality of the (eco- 
efficiency improvement) product EoL plan to deviation from the projected product 
recovery volume can be investigated as shown in Table 7-4. In this optimality 
analysis, it is observed that the optimal EoL option configuration for the compressor 
housing (part 2) and turbine wheel (part 10) among the subsystems (parts in the 
product structure), are the most susceptible to the deviation in product recovery 
volume. At a positive deviation of 10% from the projected recovery volume, the best 
EoL options for both the subsystems change from outsourcing the remanufacturing 
operations to carrying them out in-house. This means that the EoL options selected for 
these subsystems based on the product EoL plan will not be able to take advantage of 
the potential upsides in the event of higher than expected recovery volume. As for the 
manifold  (part 6), the results suggest that the option to restore the part in-house may 
be risky for the eco-efficiency improvement if the recovery volume drops deviates by 
more than 20% below projections. The optimal EoL option configuration for the 
turbine wheel (part 10) remains largely unaffected until a deviation of above 30% 
Figure 7-10: Sensitivity analysis of the eco-efficiency EoL plan for the turbocharger. 






























































































from the base recovery volume occurs. The configuration for the compressor wheel 
(part 8) is completely unaffected by the change in recovery volume. The bearings 
assembly (part 12), shaft (part 13) and gaskets (part 16) are also unaffected as only a 
single EoL option each was considered for the parts. 
Based on these results, the optimality of the (eco-efficiency) EoL plan for the 
turbocharger under the product recovery volume uncertainty is further investigated in 
the next section using statistical simulation (Monte Carlo method) to optimise the 
product EoL plan. 
 Results of the Stochastic Optimisation of the Turbocharger End-of-Life 7.1.2.3
Plan 
From the sensitivity analysis in the previous section, the product recovery 
volume was found to be the most acute source of uncertainty. In this section, this 
uncertainty is taken into account in the determination of the optimal product EoL plan 
so that a more robust system for closed-loop production of the turbocharger based on 
this plan can be designed. Based on the average projection of the product recovery 
volume used in the deterministic scenario as shown earlier in Figure 7-9, it is assumed 
that in a stochastic scenario, the recovery volume may fluctuate between ±40% of the 
average. The fluctuation in product recovery is illustrated by the graph in Figure 7-11. 
In order to take into account this uncertainty, the integrated life cycle 
performance of the system is simulated using the Monte Carlo method, which follows 
the methodical step as described in Section in 5.1.2, to generate 5,000 randomised 
results. This methodical step is repeated for each subsystem in the product structure 
following the dynamic programming (DP) approach as described in Section 5.2.2 to 
determine the optimal and most robust EoL plans for the turbocharger case study. The 
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stochastic simulation results for the turbocharger EoL plan based on the deterministic 
scenario in the earlier section are plotted on the cumulative distribution function 
(CDF) graphs (using the RiskSim add-in for Excel) as shown in Figure 7-12 (NPV) 
and Figure 7-13 (carbon footprint). The stochastic simulation results for the 
turbocharger EoL plans considering uncertainty are plotted on the CDF graphs (using 
the RiskSim add-in for Excel) as shown in Figure 7-14 and Figure 7-15. The 
stochastic simulation results used in optimising the EoL options configuration for the 
subsystems in the turbocharger case study are found in Figure B-1 to Figure B- 30 in 
Appendix B. 
 
Figure 7-11: Fluctuations of the turbocharger recovery volume. 






Figure 7-12: Cumulative distribution function plot of the Monte Carlo simulation of the NPV for 
the turbocharger EoL plan optimised for eco-efficiency improvement based on the deterministic 
scenario. 
Figure 7-13: Cumulative distribution function plot of the Monte Carlo simulation results of the 
carbon footprint for the turbocharger EoL plan optimised for eco-efficiency improvement based 
on the deterministic scenario. 





Based on the simulation results, three sets of product EoL plans based on the 
mean (neutral approach), P10 (conservative approach) and P90 (optimistic approach) 
are generated following the methodical steps described in Section 5.2.2. They together 
with the product EoL plan determined for the deterministic scenario are presented in 
Table 7-5 for comparison. As shown, the stochastic product EoL plans (i.e. neutral, 
conservative or optimistic) are similar to the one generated based on the deterministic 
Figure 7-14: Cumulative distribution function plot of the Monte Carlo simulation of the NPV for 
the turbocharger EoL plans stochastically optimised for eco-efficiency improvement.  
Figure 7-15: Cumulative distribution function plot of the Monte Carlo simulation of the carbon 
footprint for the turbocharger EoL plans stochastically optimised for eco-efficiency 
improvement. 
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scenario. This indicates that the closed-loop production system for the turbocharger 
designed according to this configuration should yield the most robust performance 
regardless if the worst (P10) or best (P90) case scenario occurs. 
Based on the product EoL plans, the turbocharger production system should be 
configured for full disassembly of returned cores to achieve optimal eco-efficiency 
improvement. The remanufacturing operations for the compressor housing (part 2), 
shaft (part 13) and turbine housing (part 14) should be outsourced to the third-party 
operator (remanufacturer); while the remanufacturing operations for the manifold 
(part 6) and compressor wheel (part 8) should be carried out in-house. Manifolds and 
compressor wheels that cannot be restored are put back into the MP through closed-
loop recycling of the aluminium (part 4) and steel (part 17) contents. The bearings 
assembly (part 12) should be sold as scrap metal and gaskets (part 16) replaced. The 
restoration of the turbine wheel (part 10) should also be outsourced instead of being 
carried out in-house. 
With the stochastic product EoL plans, the closed-loop production system is 
expected to perform better economically and environmentally as compared to the base 
system under the uncertainty in product recovery volume. The results show that the 
stochastically optimised system is expected to generate a mean NPV of approximately 
S$51.9 million, a 13.35% increase from the base system over the 10-year study 
period. The stochastically optimised system is also expected to emit lower carbon 
emissions at a mean of approximately 167.5 million kg-CO2-eq, a 28.77% reduction 
from the base system over the 10-year study period. In terms of eco-efficiency 
improvement under the uncertainty, the stochastically optimised system is expected to 
yield an average gain of 21.06% over the 10-year study period. 




In the worst case scenario (P10), the stochastically optimised system is still 
expected to generate an NPV of approximately S$51.6 million, a 12.72% increase 
from the base system over the 10-year study period. The stochastically optimised 
system is also expected to emit lower carbon emissions at approximately 162.6 
million kg-CO2-eq, a reduction of 30.88% from the base system over the 10-year 
study period. In terms of eco-efficiency improvement under the uncertainty, the 
stochastically optimised system in the worst case scenario should to yield an average 
gain of 21.8% over the 10-year study. 
In the best case scenario (P90), an NPV of approximately S$52.2 million is 
expected for the stochastically optimised system, a 13.95% increase from the base 
system over the 10-year study period. The stochastically optimised system in the best 
case scenario is also expected to emit lower carbon emissions at approximately 172.6 
million kg-CO2-eq, a reduction of 26.59% from the base system over the 10-year 
study period. In terms of eco-efficiency improvement under the uncertainty, the 
stochastically optimised system in the best case scenario is expected to yield an 
average gain of 20.27% over the 10-year study period. 
From the stochastic optimisation of the EoL plan, it is evident that the 
configuration of the EoL options for the turbocharger case study outperforms the one 
for the base system in terms of achieving optimal eco-efficiency improvement, even 
though the base system is unaffected by the uncertainty in product recovery volume. 
7.2 Flat-Panel Display Monitor Case Study 
In this second case study, the model for product EoL planning is applied on a 
21-inch flat-panel display (FPD) monitor (Figure 7-16) to demonstrate the application 
of the concept in the electronic product category. Like the turbocharger case study, 
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the context is also localised to Singapore with the costs of facility (building and rental 
space), equipment, utilities (electricity water and gas) and labour based on the local 
market rate. Cost data are estimated based on quotations and catalogues from 
component and equipment suppliers, and available literature [159-162]. Emission 
factors for energy consumption is based on data from the clean development 
mechanism (CDM) projects in Singapore [156]. Other carbon emissions data are 
referenced from the 2006 IPCC Guidelines for National  Greenhouse Gas Inventories 
[157] and the ecoinvent database [158]. 
For the allocation of carbon footprint, the avoided burden approach is used 
when the product or part is reused, remanufactured or recycled into its primary form 
in an open-loop manner. The cut-off allocation method is used when the product or 
part is recycled into a secondary product system (e.g. third-party recycling of scrap 
metal). This means that the environmental burden of a part that is sold as scrap 
material at EoL is imparted onto the product system the part is recycled into [118, 
Figure 7-16: 21” Samsung FPD monitor used as the case study. 




149]. Unless otherwise stated, the default waste treatment for municipal solid waste 
(MSW) is incineration. 
7.2.1 Developing the Model for End-of-Life Planning of the Flat-
Panel Display Monitor 
The integrated life cycle model for the FPD monitor case study is developed 
following the methodical steps in the framework presented in Chapter 4. Following 
the methodical steps in Section 4.1 and Section 4.2, the product structure information 
of the FPD monitor and EoL options identified for its parts as captured in the 
Microsoft Excel model are shown in Table 7-6. This table provides the product 
structure decomposition of the FPD monitor, which describes the hierarchical 
relationship between the parts in the product system, and specifies the EoL options 
that are available (or considered) for each part in the case study. 
With the captured product structure information and identified EoL options, the 
integrated life cycle of the FPD monitor is mapped following the methodical steps in 
Section 4.3 as presented in Figure 7-17. These figures of the integrated life cycle map 
visualise the system boundary of the FPD monitor case study and the resource flows 
in the system. Based on the integrated life cycle map, the system is segmented and 
decomposed into the subsystems by treating each part as a product with its own 
integrated life cycle. The subsystems are visualised in the submaps as shown in Figure 
7-18 to Figure 7-20. These submaps are used as the visual guides in the modelling of 
the integrated life cycle of the FPD monitor, which follows the methodical steps 
described in Section 4.4, i.e. equations (1) to (45). The model is implemented in 
Microsoft Excel according to the architecture as explained and illustrated in Chapter 
6. 




Table 7-6: Product structure information of the flat-panel display monitor captured with end-of-
life options identified in the Microsoft Excel model. 





Figure 7-17: Integrated life cycle map for the flat-panel display monitor case study. 





Figure 7-18: Integrated life cycle submaps for the flat-panel display monitor case study (Part I of 
III). 






Figure 7-19: Integrated life cycle submaps for the flat-panel display monitor case study (Part II 
of III). 






Figure 7-20: Integrated life cycle submaps for the flat-panel display monitor case study (Part III 
of III). 




7.2.2 Simulating and Analysing the Results for End-of-Life Planning 
of the Flat-Panel Display Monitor 
For the FPD monitor case study, a (half-annual) study period of 5 years and a 
discount rate of 8%. The integrated life cycle system for the FPD monitor is modelled 
with the assumption that the half-yearly production capacity is 2 million units and the 
half-yearly EoL recovery capacity is 800,000 units. Projections of the product order 
volume is based on a mature market and a typical five year market cycle for FPD 
monitors [162]. The product recovery volume is assumed to follow the S-curve. The 
projections for the product order and recovery volumes graphed in Figure 7-21. 
For the base system, a production system with take-back outsourced to third-
party waste electrical and electronic equipment (WEEE) recyclers is considered (i.e. 
part 1 with option A). In the product recovery option (EoL option B), 30% of the 
collected FPD monitor in the EoL phase is resold to the second-hand market (based 
on information from WEEE recyclers and surveys [163]). The rest of the 70% are 
manually disassembled. Key parameters and other assumptions made for the case 
study are summarised in Table 7-7. The complete set of cost and carbon emissions 
Figure 7-21: Projections of the product order volume and recovery volume for the flat-panel 
display monitor case study. 
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data, which are captured in the Excel model, are found in Table A-5 and Table A-6 
respectively in Appendix A. 
 
 Results of the Deterministic Optimisation of the Flat-Panel Display 7.2.2.1
Monitor End-of-Life Plan 
Using the integrated life cycle model and applying the dynamic programming 
(DP) algorithm as described in Section 5.3.1, three sets of deterministic EoL plans for 
the FPD monitor were generated: one set to optimise the production system for 
economic performance, another for environmental performance and the last one for 
eco-efficiency improvement. They are presented in Table 7-8 for comparison. As 
shown, the product EoL plans for the three optimisation settings generated are 
different as each plan corresponds to the objective function it has been set out to 
fulfill, i.e. maximising profitability, minimising environmental impact and balancing 
eco-efficiency. 
In terms of profitability, the optimal (economic) product EoL plan for the FPD 
monitor production system indicates that the take-back and recycling of the FPD 
monitor in the EoL phase should be outsourced, which is actually the default EoL 
option configuration for the base system. This shows that a closed-loop production 
strategy for this system is not feasible if the objective is purely for economic reasons. 
Table 7-7: Keys parameters and assumptions for the flat-panel display monitor case study. 
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Over the 5-year study period, NPV and carbon footprint of the system configured 
according to the economic product EoL plan remains the same as the base system at 
S$718.8 million and 1,309.8 million kg-CO2-eq respectively. Therefore, benchmarked 
against the base system, the economic product EoL plan has zero improvement in 
terms of eco-efficiency. 
For minimising the environmental impact, the optimal (environmental) product 
EoL plan indicates that the system should be configured for complete in-house 
recovery of the FPD monitor in the EoL phase. This is not unexpected because by 
having full control of the recovery operations, maximum recovery of the resources in 
the EoL product can be achieved to offset the environmental impact from the use of 
virgin resources. According to this environmental product EoL plan, the used FPD 
monitor (in the EoL phase) should be collected, in which as stated earlier, 30% can be 
resold to the second-hand market and the rest of the 70% manually disassembled to 
recover the individual parts inside the FPD monitor. The base (part 3), front cover  
(part 6) and back cover (part 7) which are made of Acrylonitrile Butadiene Styrene 
(ABS) plastics (part 4) should be sent for closed-loop recycling whereby the recycled 
ABS is put back into the MP as raw ABS in the manufacture of the parts. The FPD 
module (part 10) should also be disassembled to separate the LCD panel (part 15), 
which contains the hazardous mercury lamps, to be sent for proper disposal. From the 
disassembly of the FPD module, the aluminium panel (part 13) should be sent for 
closed-loop aluminium recycling. Other parts recovered during the whole disassembly 
process, i.e. cables (part 2), fasteners (part 5), connectors (part 8), printed wiring 
board (PWB) A (part 9), PWB B (part 11) and steel panel (part 12), are sold as scrap 
metal to third-party recyclers.  




With the environmental product EoL plan, the closed-loop production system is 
estimated to yield a NPV of approximately S$707.7 million, a 1.54% decrease from 
the base system over the 5-year study period. But the system is estimated to emit 
lower carbon emissions at approximately 1,282.4 million kg-CO2-eq, a 2.09% 
reduction from the base system over the 5-year study period, whereby the take-back 
and recycling are outsourced. This is the highest reduction in carbon footprint among 
the product EoL plans. Benchmarked against the base system, these numbers equate 
to an eco-efficiency improvement (average percentage gain in economic and 
environmental performance) of 0.27%. 
To strike a balance between improving the economic and environmental 
performance, the optimal (eco-efficiency) product EoL plan indicates that the FPD 
monitor production system should be configured for partial disassembly of collected 
FPD monitors in the EoL phase. Like the environmental product EoL plan, the base 
(part 3), front cover (part 6) and back cover (part 7) which are made of ABS (part 4) 
should be sent for closed-loop recycling whereby the recycled ABS is put back into 
the MP as raw ABS in the manufacture of the parts. The cables (part 2), fasteners 
(part 5), connectors (part 8) and printed wiring board (PWB) A from the first-level 
disassembly of the monitor should be sold as scrap metal to third-party recyclers. A 
third-party recycler (assuming mechanical treatment) should be engaged to treat the 
FPD module (part 10) which contains the LCD panel (part 15) with the hazardous 
mercury lamps. 
With the eco-efficiency product EoL plan, the closed-loop production system is 
estimated to yield a NPV of approximately S$713.4 million, a slight decrease of 
0.75% from the base system over the 5-year study period. But the system is estimated 
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to emit lower carbon emissions at approximately 1,291.9 million kg-CO2-eq, a 
1.365% reduction over the 5-year study period. These numbers equate to an eco-
efficiency improvement (average percentage gain in economic and environmental 
performance) of 22.45% benchmarked against the base system – the best among the 
product EoL plans. (Note: In order to maintain conciseness and avoid repetitive work, 
only the eco-efficiency product EoL plan is considered in the following sections). 
 Sensitivity Analysis and Optimality Analysis of Stochastic Product End-7.2.2.2
of-Life Plan for the Flat-Panel Display Monitor 
As highlighted previously, the beauty of the integrated life cycle model is in its 
ability to simulate the changes in system performance according to the changes in the 
input. This allows system engineers to study the sensitivity and optimality of a 
product EoL plan to different sources of uncertainty in the inputs. For the FPD 
monitor case study, the three sources of uncertainty selected for investigation are: 1) 
the product recovery volume (base ±50%), 2) price of resale monitors (S$35 ±S$15), 
and 3) fraction of used monitors resold to the second-hand market (30% ±15%). The 
sensitivity analysis of the deterministic product EoL plan for the most eco-efficiently 
balanced closed-loop production of the FPD monitor is illustrated by the tornado 
diagram in Figure 7-22. 
From the tornado diagram, it is obvious that the eco-efficiency product EoL 
plan is most sensitive to changes in the price of resale monitor with a swing (range 
between maximum and minimum values) of 1.5 percentage points. This followed by 
the fraction of used monitors resold with a swing of 1.34 percentage points. The 
deviation in product recovery volume has the lowest impact on the product EoL plan 
with a swing of only 0.32 percentage points. With these insights, the uncertainty in 
the price of resale monitor will be the subject of further investigation. 





Using the integrated life cycle model, the change in the optimality of the (eco- 
efficiency) product EoL plan to deviation from the average price of resale monitor can 
be investigated as shown in Table 7-9. In this optimality analysis, it is observed that 
changes in the price of resale monitors affects the EoL option configuration at the 
product-level itself. When the price drops below S$32, the best EoL option in terms of 
eco-efficiency improvement switches from the in-house recovery of the used FPD 
monitor (EoL option B) to outsourcing the take-back and recovery operations entirely 
to the third-party recycler (EoL option A) – which is also the default EoL option 
configuration (base system). This means that on the one hand, to sustain an eco-
efficiency improvement from closing the loop in the production of the FPD monitor, 
the average price of the resale monitors cannot drop below S$32. On the other hand, if 
the decision is taken to outsource the take-back and recovery operations, the system 
cannot take advantage of any potential upsides (eco-efficiency gain) in the event the 
average price of the resale monitor increases due to favourable market conditions. 
Figure 7-22: Sensitivity analysis of the eco-efficiency end-of-life plan for the flat-panel display 
monitor. 













































































































To further investigate the optimality of the (eco-efficiency) EoL plan for the 
FPD monitor under the uncertainty in price of resale monitor, a statistical simulation 
and optmisation  of the product EoL plan (using the Monte Carlo method) is carried 
out in the section. 
 Results of the Stochastic Optimisation of the Flat-Panel Display End-of-7.2.2.3
Life Plan 
From the sensitivity analysis in the previous section, the price of resale monitor 
was found to be the most acute source of uncertainty. In this section, this uncertainty 
is taken into account in the determination of the optimal product EoL plan so that a 
more robust system for closed-loop production of the FPD monitor based on this plan 
can be designed. Based on the average price of the resale monitor used in the 
deterministic scenario (Table 7-7), it is assumed that in a dynamic scenario, the price 
randomly fluctuates between S$20 to S$50 depending on the used condition of the 
FPD monitor. 
In order to take into account the uncertainty, the integrated life cycle 
performance of the system is simulated using the Monte Carlo method, which follows 
the methodical step as described in Section in 5.2, to generate 5,000 randomised 
results. This methodical step is repeated for each subsystem in the product structure 
following the dynamic programming (DP) approach as described in Section 5.3.2 to 
determine the optimal and most robust EoL plans for the FPD monitor case study. The 
stochastic simulation results for the FPD monitor EoL plan based on the deterministic 
scenario in the earlier section are plotted on the cumulative distribution function 
(CDF) graphs (using the RiskSim add-in for Excel) as shown in Figure 7-23. It should 
be pointed out that carbon footprint of the system is unaffected by the uncertainty in 
Chapter 7: Case Studies 
 
162 
price of resale monitor. Also, there are no CDF plots for the subsystems as they too 
are unaffected by the uncertainty. 
 
Based on the simulation results, three sets of product EoL plans based on the 
mean (neutral approach), P10 (conservative approach) and P90 (optimistic approach) 
are generated following the methodical steps described in Section 5.2.2. They together 
with the product EoL plan determined for the deterministic scenario are presented in 
Table 7-5 for comparison. As shown, the stochastic product EoL plans for the neutral 
and optimistic approach are the same as the one generated based on the deterministic 
scenario. This means that if market outlook for the second-hand sale of the used 
monitors is generally positive, the stochastic product EoL plan for the neutral or 
optimistic approach should be taken. In this plan, the base (part 3), front cover (part 6) 
and back cover (part 7) which are made of ABS (part 4) should be sent for closed-
loop recycling whereby the recycled ABS is put back into the MP as raw ABS in the 
manufacture of the parts. The cables (part 2), fasteners (part 5), connectors (part 8) 
Figure 7-23: Cumulative distribution function plot of the Monte Carlo simulation of the NPV for 
the FPD monitor EoL plan optimised for eco-efficiency improvement based on the deterministic 
scenario. (Note: Simulation results are similar for the neutral and optimistic approaches for the 
stochastically optimised FPD monitor EoL plans)  
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and printed wiring board (PWB) A from the first-level disassembly of the monitor 
should be sold as scrap metal to third-party recyclers. A third-party recycler 
(assuming mechanical treatment) should be engaged to treat the FPD module (part 10) 
which contains the LCD panel (part 15) with the hazardous mercury lamps. 
With the neutral or optimistic product EoL plan, the closed-loop production 
system for the FPD monitor is expected to perform poorer economically but better 
environmentally under the uncertainty in the price of resale monitor. The results show 
that based on this product EoL plan, the stochastically optimised system is expected to 
generate a mean NPV of approximately S$713.4 million, a slight reduction of 0.74% 
benchmarked against the base system over the 5-year study period. However, the 
system is expected to emit lower carbon emissions at a mean of approximately 
1,291.9 million kg-CO2-eq, a 1.36% improvement from the base system over the 5-
year study period. In terms of balancing the eco-efficiency improvement under the 
uncertainty, the system based on the product EoL plan for the neutral or optimistic 
approach is expected to yield an average gain of 0.31% benchmarked against the base 
system 
In the worst case scenario, the system configured based on the neutral or 
optimistic product EoL plan yields an NPV of approximately S$707.8 million, 1.53% 
decrease from the base system over the 5-year study period. The system still emits 
lower carbon emissions at approximately 1,291.9 million kg-CO2-eq, which as 
mentioned earlier is a 1.36% improvement from the base system over the 5-year study 
period, as the price of resale monitor is unrelated to the carbon footprint of the 
system. This equates to an overall decrease in eco-efficiency improvement of 0.08% 
as benchmarked against the base system. This shows that if a conservative approach 




to product EoL planning is taken, this product EoL plan is not a suitable choice. For 
the best case scenario, the system yields an NPV of approximately S$717.1 million, 
still a decrease but a minor one of 0.23% from the base system over the 5-year study 
period. With the carbon emissions at approximately 1,291.9 million kg-CO2-eq, the 
system has an overall increase in eco-efficiency improvement of 0.57%. 
As for the conservative product EoL plan, the plan indicates that the best 
configuration for the FPD monitor production system is the outsourcing of the take-
back and recycling of the FPD monitor in the EoL phase, which is actually the default 
EoL option configuration for the base system. Based on the simulated results, this 
system is expected to generate an NPV of approximately S$718.8 million with carbon 
emissions of 1,309.8 kg-CO2-eq over the 5-year study period, which is the same as 
the base system. Because there the take-back and recovery of the used FPD monitor is 
outsourced to the third-party for the conservative product EoL plan, the system is not 
affected by the fluctuations in the price of resale monitor. 
From the stochastic optimisation of the EoL plan, it is evident that different 
configuration of EoL options can be selected depending on the risk attitude (neutral, 
conservative or optimistic). The results also show that for the different approaches, 
the model is able to generate the best product EoL plan to meet the objective, which 
in this case is maximising the eco-efficiency improvement. 
7.3 Summary 
This chapter puts into practice the decision-support model for product EoL 
planning by applying it on two case studies. First, a turbocharger case study was used 
to demonstrate the application of the model to mechanical and industrial products. In 
the second case study, a FPD monitor was used to demonstrate the application of the 
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model to consumer electronic products. Using the model, the simulated results 
showed that product EoL plans corresponding to the objectives of maximising 
profitability, minimising environmental impact and maximising the eco-efficiency 
improvement were successfully generated. Furthermore, uncertainty sources that were 
deemed most important to the reliability and robustness of the product EoL plans 
were investigated through the sensitivity and optimality analyses. With the insights 
obtained from these analyses, the Monte Carlo simulation was applied in the 
stochastic optimisation of the product EoL plans under the most acute uncertainty for 
the case studies. From the simulation results, the effectiveness of the model in 
providing different solutions based on the risk attitude (i.e. neutral, conservative and 
optimistic approaches) towards optimising systems for more robust closed-loop 




Chapter 8: Conclusion 
This chapter concludes the thesis with a summary of the work that has been 
done and covered in the previous chapters. This is followed by a highlight of the main 
contributions of the work. Finally, the limitations of the work is discussed to provide 
an objective review of the work and open up future opportunities to further develop 
and improve on the work done. 
8.1 Summary of Work 
Closed-loop production has been mulled as the solution to sustainable 
production. But the adoption of this strategy is not straightforward. System engineers 
and managers must know where, how and when to close the resource loops in 
production systems. They need models and tools that provide decision-support for 
product end-of-life (EoL) planning with an integrated perspective of entire product 
life cycle are needed. With this in mind, the objective of this thesis was to develop a 
decision-support model to help system engineers and managers in the planning of 
product EoL so that the most effective closed-loop production strategies can be 
adopted to improve the environmental and economic performance of production 
systems. 
In the critical review of the literature, existing methods were found to lack an 
integrated perspective of the product life cycle phases. Models of the mainstream 
production (MP) and EoL phases are often loosely connected, if not entirely 
disconnected. Even when there is integration of the phases, they are modelled at the 
macro-scale only. This results in the inability to provide multiscale optimisation, 
which is necessary for product EoL planning. Moreover, these methods commonly – 
but falsely – assume that capital investments are not necessary for EoL product 
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recovery as capacity is readily available and thus, only involves operating costs. From 
these findings, it was clear that a research gap exists between the solutions offered by 
existing methods and the required solution to meet the objective of this thesis.  
To bridge the research gap and meet the objective of this thesis, a method for 
product EoL planning was developed. In this method, a novel framework to model, 
simulate and analyse the economic and environmental performance of closed-loop 
production systems was proposed. Through this method, a production system can be 
modelled to simulate the economic and environmental performance of the system. 
And through a seamless application of dynamic programming (DP), the model is able 
to determine the optimal product EoL plan for the system based on the eco-efficiency 
improvement (i.e. balance or trade-off between economic and environmental 
performance). Furthermore, by incorporating the Monte Carlo method, a stochastic 
simulation of the economic and environmental performance enables the determination 
of product EoL plans that are robustly optimised under uncertainty considerations. 
The flexibility of the decision-support model for product EoL planning was 
demonstrated on two case studies. For the first case study, a marine turbocharger was 
used to demonstrate the application to mechanical and industrial products. Using the 
model, three different deterministic EoL plans for the turbocharger were generated: 
one to maximise the economic performance (i.e. net present value (NPV)), another to 
minimise the environmental impact (i.e. carbon footprint), and the last to improve the 
eco-efficiency of the turbocharger closed-loop production. Through a sensitivity 
analysis, it was found that the turbocharger closed-loop production system based on 
the eco-efficiency EoL plan is most sensitive to the uncertainty in product recovery 
volume. An optimality analysis was then carried out to understand how the changes in 




product recovery volume affect the EoL options configuration in the eco-efficiency 
EoL plan for the turbocharger. From these newfound insights, the uncertainty was 
taken into account (by applying Monte Carlo method) in the generation of the 
stochastic eco-efficiency EoL plans for the turbocharger. The results show that under 
the simulated conditions, the optimal and most robust stochastic eco-efficiency EoL 
plans for the turbocharger are the same regardless of the scenario, i.e. most likely or 
expected (mean), best-case (P90) and worst-case (P10). 
 For the second case study, a flat-panel display (FPD) monitor was used to 
demonstrate the application to consumer electronic products. Similarly using the 
model, three different deterministic EoL plans for the turbocharger were generated: 
one to maximise the economic performance (i.e. net present value (NPV)), another to 
minimise the environmental impact (i.e. carbon footprint), and the last to improve the 
eco-efficiency of the FPD monitor closed-loop production. In the sensitivity analysis, 
it was found that the FPD monitor closed-loop production system based on the eco-
efficiency EoL plan is most sensitive to the uncertainty in the price of resale monitors. 
This uncertainty was further investigated in an optimality analysis to understand how 
it affects the EoL options configuration in the eco-efficiency EoL plan for the FPD 
monitor. Based on these newfound insights on the uncertainty, the Monte Carlo 
method was applied on the model to generate the stochastic eco-efficiency EoL plans 
for the FPD monitor. The results show that under the simulated conditions, the 
optimal and most robust stochastic eco-efficiency EoL plans for the FPD monitor are 
the same for the expected or most likely (mean) scenario, and best-case (P90) 
scenario. However, for the worst-case (P10) scenario, the EoL plan indicates that 
instead of closed-loop production, recovery of the FPD monitor should be outsourced 
entirely. 
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From the case studies, it was demonstrated that the proposed method is effective 
in providing decision-support for product EoL planning to optimise production 
systems for more robust closed-loop production. And through this demonstration, it 
proves that although the integrated life cycle model is sufficiently generic for a wide 
range of applications; it does not compromise the details necessary to enable 
comprehensive evaluations of EoL options that close the product life cycle loop at 
different subsystems of a production system. 
8.2 Main Contributions of Work 
In Section 1.3, three research questions that must be addressed in order to meet 
the objective of this thesis were raised. Therefore, with reference to the research 
questions, the following highlights the main contributions, which also close the loop 
for the work in this thesis: 
1) The method for product end-of-life (EoL) planning developed in this thesis 
enables complex (closed-loop) production systems to be decomposed into 
smaller and simpler subsystems to be modelled based on the product structure. 
Through this novel method, different resource flows and interdependencies 
between the mainstream production (MP) and EoL phases – from selecting 
different EoL options for the product in the system – to be isolated to the 
individual subsystems to be captured in the decision-support model. This allows 
EoL options to close the resource loops at the different subsystems of a 
production system to be evaluated with an integrated perspective of the MP and 
EoL phases. 
2) The method for product EoL planning builds up the models of production 
systems from the (decomposed) models of the smaller and simpler subsystems. 




By doing this, the economic and environmental performance can be simulated 
and analysed from the system-level down to the subsystem-levels. This in turn 
enables a bottom-up approach using dynamic programming (DP) to be 
seamlessly applied to the models to determine at each individual subsystem the 
best EoL option to optimise the product EoL plans, depending on whether the 
objective function is to maximise economic performance, minimise 
environmental impact or maximise the improvement in eco-efficiency. And by 
applying the Monte Carlo method in the simulations, uncertainties are also be 
taken into account in the optimisation of product EoL plans so that the most 
robust EoL options for closed-loop production can be configured based on these 
plans. 
3) The method for product EoL planning was developed with the inclusiveness of 
the application to an expansive and diverse range of products, systems and 
industries in mind. In the case studies, the effectiveness of the method in 
providing decision-support for product EoL planning to optimise production 
systems for two distinctly different products (i.e. turbocharger and flat-panel 
display (FPD) monitor) proves that the model is sufficiently generic to be 
adopted for a wide range of applications; yet, it does not compromise the details 
necessary to enable comprehensive evaluations of EoL options that close the 
product life cycle loop at different subsystem parts of a production system. 
8.3 Limitations and Recommendations for Future Work 
Although an extensive effort has been made to cover all the important aspects of 
product EoL planning, there are still limitations that are yet to be addressed by the 
work in this thesis. These limitations present opportunities for further improvement 
and development in the area of the work.  
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The first limitation of the work is that the integrated life cycle model assumes a 
single product view. This means that, so far, the integration of the life cycle phases in 
closed-loop production systems is considered for one type of product only. However, 
in reality, multiple and different types of products may be produced and processed in 
the same system. Therefore, the possibility of multiple and different products being 
produced in the MP phase and being recovered in the EoL phase by a single closed-
loop production system, multiple and different products should be considered as a 
scope for future work. 
Another limitation of the work is the angle that product EoL planning is 
approached from. As implied by Tanskanen and Takala [164], there are two different 
types of responses to product EoL planning: 1) a reactive response by building 
efficient systems to recover the product at EoL, and 2) a proactive response by 
designing the product for easy recovery at EoL. The work in this thesis belongs to the 
former whereby the concept and method were developed with the system engineers 
and managers of closed-loop production systems in mind. This means that decision-
support for product EoL planning is provided without any intention of affecting the 
status quo of the product design. However, a more holistic response to improving the 
performance of production systems may be achievable by closing the information 
loop between the EoL management with the product design stages. Therefore, the 
extension of the concept to involve product designers in the product EoL planning 
process is an area that is potentially impactful to the improvement of the work in this 
thesis. 
While there is definitely room for improvement, the work in this thesis, 
nevertheless, provides a platform to support system engineers and managers in the 




planning of product EoL towards adopting effective closed-loop production strategies 
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Appendix A: Raw Data for Case 
Studies 
 
Table A-1: Data points for the product order volume and recovery volume for the turbocharger 
case study. 
Period 0 1 2 3 4 5 6 7 8 9 10
Product Order Volume - 8,452 14,314 19,216 21,987 23,218 23,706 23,891 23,960 23,985 23,995 





Annual Operating Hours 2,880             
Other Fixed Cost 10%
Variable Cost
Aluminium 2.50$             per kg
Aluminium Filler 2.75$             per kg
Bearings Assembly 324.00$          per unit
Cleaning Agent 1.67$             per litre
Coolant 8.50$             per litre
Energy 0.24$             per kWh
Gasket 8.90$             per pc
Mould - Compressor Housing 38,000.00$      per pc
Mould - Compressor Wheel 41,000.00$      per pc
Mould - Manifold 56,000.00$      per pc
Mould - Turbine Housing 58,000.00$      per pc
Mould - Turbine Wheel 61,000.00$      per pc
Returned Core 450.00$          per unit
Recon Compressor Housing 35.30$            per pc
Recon Compressor Wheel 29.30$            per pc
Recon Manifold 34.50$            per pc
Recon Shaft 25.70$            per pc
Recon Turbine Wheel 39.50$            per pc
Recon Turbine Housing 17.00$            per pc
Shaft 184.00$          per pc
Shipping (Land) 0.04$             per m3-km
Shipping (Sea) 0.02$             per m3-km
Steel 0.95$             per kg
Steel Filler 0.65$             per kg
Technician 20.00$            per hr
Waste Treatment (Incineration) 0.54$             per litre
Water 0.56$             per litre
Assembly Cell - 5 5,000.00$       per unit 10 -$          3           15,000$ 12 60$ 720$ -                         51,681 
Assembly Cell - 5B 5,000.00$       per unit 10 -$          3           15,000$ 12 60$ 720$ -                         51,681 
Bolting Equipment 6,500.00$       per unit 10 -$          4           26,000$ 16 60$ 960$ -                  82,690       
CNC Machine - 2 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  103,362     
CNC Machine - 2C 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  98,794       
CNC Machine - 2D 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  103,362     
CNC Machine - 2J 183,000.00$    per unit 10 -$          4           732,000$ 16 60$ 960$ -                  71,384       
CNC Machine - 6 183,000.00$    per unit 10 -$          6           1,098,000$ 24 60$ 1,440$ -                  134,371     
CNC Machine - 6C 183,000.00$    per unit 10 -$          6           1,098,000$ 24 60$ 1,440$ -                  128,432     
CNC Machine - 6D 183,000.00$    per unit 10 -$          6           1,098,000$ 24 60$ 1,440$ -                  134,371     
CNC Machine - 6J 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  92,800       
CNC Machine - 8 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  103,362     
CNC Machine - 8C 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  98,794       
CNC Machine - 8D 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  103,362     
CNC Machine - 8J 183,000.00$    per unit 10 -$          4           732,000$ 16 60$ 960$ -                  71,384       
CNC Machine - 10 183,000.00$    per unit 10 -$          7           1,281,000$ 28 60$ 1,680$ -                  155,043     
CNC Machine - 10C 183,000.00$    per unit 10 -$          7           1,281,000$ 28 60$ 1,680$ -                  148,191     
CNC Machine - 10D 183,000.00$    per unit 10 -$          7           1,281,000$ 28 60$ 1,680$ -                  155,043     
CNC Machine - 10J 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  107,077     
CNC Machine - 14 183,000.00$    per unit 10 -$          7           1,281,000$ 28 60$ 1,680$ -                  155,043     
CNC Machine - 14C 183,000.00$    per unit 10 -$          7           1,281,000$ 28 60$ 1,680$ -                  148,191     
CNC Machine - 14D 183,000.00$    per unit 10 -$          7           1,281,000$ 28 60$ 1,680$ -                  155,043     
CNC Machine - 14J 183,000.00$    per unit 10 -$          5           915,000$ 20 60$ 1,200$ -                  107,077     
Disassembly Cell - 1B 4,500.00$       per unit 10 -$          3           13,500$ 12 60$ 720$ -                  6,341        
Disassembly Cell - 5B 5,500.00$       per unit 10 -$          6           33,000$ 24 60$ 1,440$ -                  127,911     
Friction Stir Welder - 5 472,000.00$    per unit 10 -$          5           2,360,000$ 20 60$ 1,200$ -                  103,362     
Friction Stir Welder - 5B 472,000.00$    per unit 10 -$          5           2,360,000$ 20 60$ 1,200$ -                  103,362     
Inspection Cell - 2C 225,000.00$    per unit 10 -$          4           900,000$ 16 60$ 960$ -                  45,682       
Inspection Cell - 6C 225,000.00$    per unit 10 -$          4           900,000$ 16 60$ 960$ -                  15,532       
Inspection Cell - 8C 255,000.00$    per unit 10 -$          4           1,020,000$ 16 60$ 960$ -                  45,682       
Inspection Cell - 10C 255,000.00$    per unit 10 -$          4           1,020,000$ 16 60$ 960$ -                  29,237       
Inspection Cell - 14C 225,000.00$    per unit 10 -$          4           900,000$ 16 60$ 960$ -                  29,237       
Smelter & Casting Machine - 3 1,348,000.00$ per unit 10 -$          5           6,740,000$ 60 60$ 3,600$ -                  68,219       
Smelter & Casting Machine - 3E 1,348,000.00$ per unit 10 -$          4           5,392,000$ 48 60$ 2,880$ -                  47,023       
Smelter & Casting Machine - 3 (2) 1,348,000.00$ per unit 10 -$          4           5,392,000$ 48 60$ 2,880$ -                  68,219       
Smelter & Casting Machine - 3 (3) 1,348,000.00$ per unit 10 -$          4           5,392,000$ 48 60$ 2,880$ -                  47,114       
Smelter & Casting Machine - 7 3,305,000.00$ per unit 10 -$          5           16,525,000$ 60 60$ 3,600$ -                  113,698     
Smelter & Casting Machine - 7 (2) 3,305,000.00$ per unit 10 -$          4           13,220,000$ 48 60$ 2,880$ -                  113,698     
Smelter & Casting Machine - 7 (3) 3,305,000.00$ per unit 10 -$          4           13,220,000$ 48 60$ 2,880$ -                  78,523       
Smelter & Casting Machine - 7E 3,305,000.00$ per unit 10 -$          4           13,220,000$ 48 60$ 2,880$ -                  77,015       
Smelter & Casting Machine - 9 2,348,000.00$ per unit 10 -$          5           11,740,000$ 60 60$ 3,600$ -                  74,421       
Smelter & Casting Machine - 9 (2) 2,348,000.00$ per unit 10 -$          4           9,392,000$ 48 60$ 2,880$ -                  74,421       
Smelter & Casting Machine - 9 (3) 2,348,000.00$ per unit 10 -$          4           9,392,000$ 48 60$ 2,880$ -                  51,397       
Smelter & Casting Machine - 9E 2,348,000.00$ per unit 10 -$          4           9,392,000$ 48 60$ 2,880$ -                  50,410       
Smelter & Casting Machine - 11 2,921,000.00$ per unit 10 -$          5           14,605,000$ 60 60$ 3,600$ -                  103,362     
Smelter & Casting Machine - 11 (2) 2,921,000.00$ per unit 10 -$          4           11,684,000$ 48 60$ 2,880$ -                  103,362     
Smelter & Casting Machine - 11 (3) 2,921,000.00$ per unit 10 -$          4           11,684,000$ 48 60$ 2,880$ -                  71,384       
Smelter & Casting Machine - 11E 2,921,000.00$ per unit 10 -$          4           11,684,000$ 48 60$ 2,880$ -                  71,247       
Smelter & Casting Machine - 15 2,121,000.00$ per unit 10 -$          5           10,605,000$ 60 60$ 3,600$ -                  93,026       
Smelter & Casting Machine - 15 (2) 2,121,000.00$ per unit 10 -$          4           8,484,000$ 48 60$ 2,880$ -                  93,026       
Smelter & Casting Machine - 15 (3) 2,121,000.00$ per unit 10 -$          4           8,484,000$ 48 60$ 2,880$ -                  64,246       
Smelter & Casting Machine - 15E 2,121,000.00$ per unit 10 -$          4           8,484,000$ 48 60$ 2,880$ -                  64,246       
Test Equipment 285,000.00$    per unit 10 -$          2           570,000$ 8 60$ 480$ -                  35,143       
Warehouse - 1A 560        560 60$ 33,600$ -                  13,891,855 
Warehouse - 1B 840        840 60$ 50,400$ -                  20,031,566 
Welding Equipment - 3E 56,200.00$      per unit 10 -$          5           281,000$ 20 60$ 1,200$ -                  8,223 
Welding Equipment - 7E 56,200.00$      per unit 10 -$          5           281,000$ 20 60$ 1,200$ -                  18,913 
Welding Equipment - 9E 56,200.00$      per unit 10 -$          5           281,000$ 20 60$ 1,200$ -                  10,690 
Welding Equipment - 11E 56,200.00$      per unit 10 -$          5           281,000$ 20 60$ 1,200$ -                  18,913 

























Aluminium 11.05    per kg
Bearings Assembly 27.90    per unit
Cleaning Agent 1.67      per litre
Coolant 1.05      per litre
Energy 0.64      per kWh
Gasket 0.003 per pc
Reman Compressor Housing 7.02      per pc
Recon Compressor Wheel 6.03      per pc
Reman Manifold 5.53      per pc
Recon Shaft 8.20      per pc
Recon Turbine Wheel 6.11      per pc
Recon Turbine Housing 4.94      per pc
Shaft 32.70    per pc
Shipping (Land) 0.00      per m3-km
Shipping (Sea) 0.00      per m3-km
Steel 1.66      per kg
Uncollected Core EoL Carbon Emission -151.0272 -71.5806 7.866 per unit
Waste Treatment (Incineration) 0.4 per litre
Water 0.001 per litre
Emission Factor (kg-CO2-eq/unit)
Table A-3: Carbon emission database for the turbocharger case study. 
Table A-4: Data points for the product order volume and recovery volume for the flat-panel 
display (FPD) monitor case study. 
t 0 1 2 3 4 5 6 7 8 9 10
Product Order Volume - 2,000,000 1,900,000 1,500,000 800,000 375,000 187,500 - - - - 





Table A-5: Cost database for the flat-panel display (FPD) monitor case study. 
annual discount rate 8%
half-yearly discount rate 3.92%
Annual Operating Time (hr) 2880
Other Fixed Overheads (% of FC) 10%
v
Al 1100 2.50$ per kg
Back Cover Mould 6,500.00$ per pc
Base Mould 8,000.00$ per pc
Cable 0.50$ per pc
Collection Service 15.00$ per collected unit
Connector 0.01$ per pc
Electricity 0.24$ per kWh
Fastener 0.03$ per pc
Front Cover Mould 4,500.00$ per pc
Land Transport 0.04$ per m
3
-km
LCD Panel 150.00$ per pc
Operator 1.75$ per labour-hr
Plastic Washing Solution 12.90$ per litre
PWB A 0.95$ per pc
PWB B 1.80$ per pc
LCD Panel Recycling Service (Mechanical Treatment) 0.02$ per litre
Sea Transport 0.02$ per m
3
-km
Service Technician 12.50$ per labour-hr
Steel Panel 1.37$ per pc
Virgin ABS 2.20$ per kg
Waste Disposal Service (Incineration of LCD Panel) 3.30$ per litre
Water 0.56$ per litre
Aluminium Recycling Line (w/o furnace) 516,000$ per line 10 258,000$ B 1,237 1 5,582 340,410$ 60.00$   12         720$      
C 866 1 3,907 340,410$ 12         720$      
Aluminium Rolling & Fabrication Line 625,000$ per line 10 312,500$ A,B,C 10,000 4 33,813 1,649,271$ 60.00$   48         2,880$    
Assembly/Disassembly Cell 1,250$ per cell 10 625$ A 67,400 24 227,896 19,791$ 60.00$   24         1,440$   
B 67,425 24 336,767 19,791$ 24         1,440$   
C 67,428 24 346,238 19,791$ 24         1,440$   
Injection Moulding Machine 915,400$ per machine 10 457,700$ A,B,C 1,204 1 4,071 603,897$ 60.00$   10         600$      
Plastic Shredder 236,500$ per machine 10 118,250$ B 2,610 1 11,778 156,021$ 60.00$   3           180$      
C 1,827 1 8,245 156,021$ 3           180$      
Plastic Extruder 215,100$ per machine 10 107,550$ B 4,775 2 21,550 283,807$ 60.00$   6           360$      
C 3,343 2 15,085 283,807$ 6           360$      
Service Centre -$ per centre 0 -$ A,B,C 2,000,000 1 6,762,500 -$ 60.00$   10         600$      
Wash Tank 9,720$ per tank 10 4,860$ B 14,340 5 64,716 32,062$ 60.00$   20         1,200$   
C 10,038 4 45,301 25,649$ 12         720$      
Warehouse -$ per m
2
0 -£ A 96,000 34 324,600 -$ 60.00$   40         2,400$   
B,C 96,050 34 536,948 -$ 40         2,400$   
Total
Capacity 






f P f U f  (yr) SVf
Table A-6: Carbon emission database for the flat-panel display (FPD) monitor case study. 
e
Al 1100 14.00 per kg
Cable 0.03 per pc
Collection Service (Euro 5 Lorry) 0.00 per collected unit
Connector 0.00 per pc
Electricity 0.64 per kWh
Fastener 0.01 per pc
Land Transport (Euro 5 Lorry) 0.00 per m
3
-km
LCD Panel 95.84 per pc
Plastic Washing Solution 1.67 per litre
PWB A 10.07 per pc
PWB B 67.45 per pc
Sea Transport 0.00 per m
3
-km
Steel Panel 1.88 per pc
Virgin ABS 4.40 per kg
Waste Disposal (Incineration) 0.40 per litre




Appendix B: Cumulative 
Distribution Function Plots of 
Monte Carlo Simulation Results of 
Case Studies 
 
Figure B-1: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-2: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 14 with EoL option J of the turbocharger case study. 
Figure B-3: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-4: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 14 with EoL option J of the turbocharger case study. 
Figure B-5: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-6: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 14 with EoL option C of the turbocharger case study. 
Figure B-7: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-8: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 10 with EoL option J of the turbocharger case study. 
Figure B-9: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-10: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 10 with EoL option D of the turbocharger case study. 
Figure B-11: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-12: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 10 with EoL option C of the turbocharger case study. 
Figure B- 13: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-14: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 8 with EoL option J of the turbocharger case study. 
Figure B-15: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-16: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 8 with EoL option D of the turbocharger case study. 
Figure B-17: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-18: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 8 with EoL option C of the turbocharger case study. 
Figure B-19: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-20: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 6 with EoL option J of the turbocharger case study. 
Figure B-21: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-22: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 6 with EoL option D of the turbocharger case study. 
Figure B-23: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-24: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 6 with EoL option C of the turbocharger case study. 
Figure B-25: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B-26: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 2 with EoL option J of the turbocharger case study. 
Figure B-27: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 






Figure B- 28: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 2 with EoL option D of the turbocharger case study. 
Figure B-29: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 





Figure B- 30: Cumulative distribution function (CDF) plot of the Monte Carlo Simulation of the 
carbon footprint for Part 2 with EoL option C of the turbocharger case study. 
